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Series Editors' Foreword 



The series Advances in Industrial Control aims to report and encourage technology 
transfer in control engineering. The rapid development of control technology has an 
impact on all areas of the control discipline. New theory, new controllers, actuators, 
sensors, new industrial processes, computer methods, new applications, new phi- 
losophies, new challenges. Much of this development work resides in industrial 
reports, feasibility study papers and the reports of advanced collaborative projects. 
The series offers an opportunity for researchers to present an extended exposition of 
such new work in all aspects of industrial control for wider and rapid dissemination. 

In the 1970s, both the Editors of the Advances in Industrial Control monograph 
series belonged to the Industrial Automation Group at Imperial College of Science 
and Technology (as it was then known) in London. Under the leadership of 
Professor Greyham F. Bryant, it was this Group that did so much to create a new 
paradigm for the study and control of tandem cold rolling mills. It was there that the 
successful and influential non-interacting control networks concept was formalised 
and promoted for industrial implementation. The monograph The Automation of 
Tandem Mills (1973) by Professor Bryant and many of the Group's staff is often 
cited as a seminal reference for all subsequent research and development in this 
field. 

Since the publication of the 1973 monograph describing the approach of the 
Industrial Automation Group, the Series Editors have not seen many books pub- 
lished on tandem cold rolling mill control. Consequently, this Advances in Indus- 
trial Control monograph, Tandem Cold Metal Rolling Mill Control: Using 
Practical Advanced Methods by John Pittner and Marwan A. Simaan is making a 
very timely and welcome appearance. Recent years have seen system methods 
undergo significant advances in the design of control systems for multivariable 
systems with significant interactions. There have also been rapid advances in robust 
control systems design methods involving a deeper understanding of how to treat 
uncertainty in models and disturbances. In addition there has been a determined 
effort within the control community to develop and to use nonlinear control 
techniques in industrial applications. The tandem cold rolling mill, being a multi- 
variable and highly nonlinear process is a suitably challenging process on which to 
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assess some of the new control approaches, and John Pittner and Marwan Simaan 
tackle this very challenge in their new monograph. 

The structure of the monograph follows the usual systems approach firstly 
concentrating on describing, analysing, and modelling the tandem mill process 
(Chapter 2). Following this is a useful discussion of "conventional" non-interacting 
control along with the later variants of these methods that have their roots in 
the 1970s paradigm (Chapter 3). Advanced control is developed in two stages. In 
Chapter 4, two techniques, H x loop shaping, and observer-based methods are 
studied and simulation results given. In Chapter 5, the authors advance their case 
for the use of the state-dependent matrix Riccati control approach. The investiga- 
tions in Chapters 3-5 are accompanied by insightful discussion and conclusion 
sections. To augment and enhance the initial process descriptions of Chapter 2, the 
authors present more detail of the motor drive systems of the process in the final 
chapter of the monograph. 

As is well known, in many cases improved control systems are often the only 
economical way to enhance the performance of industrial installations involving 
large capital investment. Similarly, a new control system may be the only way to 
revitalise and extend the operational life of ageing industrial plant. This monograph 
will be essential reading for those professionals and technicians involved in the 
operation of tandem mills, or in the development of tandem mill control systems 
design and technology. 

A wider readership in the steel industry, in the control systems technology field, 
and in the academic community will find the monograph gives an introduction to 
the process and control of tandem cold rolling mills, and provides a useful case- 
book study to compare "conventional" control methods versus the potential of 
advanced modern control, for a significant and technologically challenging indus- 
trial process. 

Industrial Control Centre MJ. Grimble 

Glasgow M.A. Johnson 

Scotland, UK 
2010 



Preface 



The purpose of this monograph is twofold. Firstly, it is intended to introduce the 
augmented state-dependent Riccati equation method as a novel means of advanced 
control for the improvement of the quality of the final product of the tandem cold 
metal rolling process. Second, as background for the presentation of the state- 
dependent Riccati equation method, it provides an overall review of some of the 
basic areas in the control of the tandem cold metal rolling process and some of the 
more conventional and advanced methods for control in certain of these areas. It is 
considered that the book will serve as a means of presenting to control practitioners 
and process engineers in the associated areas of metals process control a novel, 
viable, and practical technique for the control of tandem cold metal rolling. On the 
other hand, for control theoreticians the material presented will provide insight 
into some of the more practical issues associated with the control of the process, 
many of which are quite challenging, important to improvement in the quality of the 
final product, and by no means trivial. The material presented in this monograph 
is the result of about 6 years of work at the University of Pittsburgh related to the 
application of the augmented state-dependent Riccati equation method to tandem 
cold rolling. As can be seen in what is presented in the following chapters the results 
of the work to date have been quite successful. 

A major issue in achieving an improvement in the quality of the final output is 
the improvement in the control of centerline thickness and interstand tension. While 
there are many conventional methods presently in use for control of the process in 
these areas, most of them are based on single-input-single-output (SISO) control 
structures which limits their capability for improvement, even though such conven- 
tional methods have done a reasonably good job in producing a product that is of 
good quality, and being generally user-friendly and fairly easy to tune which has 
kept commissioning times within reasonable bounds. However, because of their 
SISO-type structures most of the conventional techniques presently in use are 
limited in their capability to improve performance because of their limitations in 
handling the dynamic interactions between the many variables in the mill, which is 
a large nonlinear system with speed-dependent time delays, a broad range of both 
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external and internal uncertainties, and significant disturbances, many of which can 
change during operation. Moreover, the present trend is for tandem cold rolling 
mills to be coupled to continuous pickling processes so that the entire operation is 
continuous. This puts an added requirement on the controller of the tandem cold 
rolling process to successfully handle very rapid changes in the thickness, hardness, 
and width of the products being processed, as the transition at a mill stand between 
two coupled products occurs in milliseconds at nominal operating speeds. In 
addition, the controller must offer a structure that is user-friendly to design and 
commissioning personnel most of whom have a limited background in advanced 
control theory. Such a controller structure is crucial to the reduction in control 
engineering design costs and the reduction of commissioning efforts to assure a 
timely and cost effective transition from commissioning to production. 

In response to these requirements we have investigated the applicability of 
several possible advanced control methods as viable candidates for control of the 
mill. While there are certain advantages and disadvantages for each of the candi- 
dates, the one that appeared to be most promising was the state-dependent Riccati 
equation technique which has many features that are desirable for control of the 
tandem cold rolling process. During the investigation of this method, it was 
discovered that very simple augmentations to the structure of the basic controller 
enhanced the desirable features of this technique to provide an overall control 
system that improves performance while considering typical uncertainties and 
disturbances, and is user-friendly to design and commissioning personnel. 

The content of this book is divided into six chapters. Chapter 1 provides an 
introduction to and a brief history of the tandem cold metal rolling process. 
In Chapter 2 a process model suitable for control development is presented and 
data is included that confirms its verification. Chapter 3 is a brief review of 
several conventional methods of control of centerline thickness and tension, and 
for completeness briefly touches on other areas such as control of flatness and 
threading. Chapter 4 presents other methods of advanced control and discusses 
some of their advantages and disadvantages. In Chapter 5 the augmented state- 
dependent Riccati technique is introduced and the results of simulations are given 
which demonstrate significant improvements in performance when compared to 
well-performing conventional methods. Chapter 6 supplements the previous chap- 
ters on the control of strip thickness and tension by providing some introductory 
material on the control of motors and drives to give a more complete picture of the 
various areas involved in the overall control of the mill. 

It is considered that the results of the work presented in this book will be of 
benefit to associated control practitioners, process engineers, and theoreticians so 
that the advanced technique described herein ultimately can be applied to actual 
operating mills to realize a significant improvement in the control of an important 
industrial process. 

Pittsburgh, PA John Pittner 

Orlando, FL Marwan A. Simaan 

December 2010 
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Notation 



Unless noted otherwise in the text the notation is as follows. The notation for 
individual variables representing physical quantities is as noted specifically in the 
associated text. 



R The field of real numbers 

<G Belongs to 

= Defined as 

A' Transpose of matrix A 

A~ l Inverse of matrix A 

I Identity matrix 

||.r|| Euclidean norm of vector x 

1 1 A 1 1 ^ Infinity norm of matrix A 

<G C k The elements of a vector or matrix have continuous partial derivatives 

through order k 
V Gradient. The computation of matrix gradients is as noted in Sects. 5.6.2 

and 5.6.4. 



Chapter 1 
Introduction 



1.1 Objectives 

The tandem rolling of cold metal strip such as steel is a complex nonlinear 
multivariable process the control of which presents a significant engineering chal- 
lenge. The current technology for control of this process generally relies on a 
structure developed in the UK early in the 1970s by G. F. Bryant [1]. In this 
technique the undesirable effects of interactions between the many process vari- 
ables are partially mitigated by single-input-single-output (SISO) and single-input- 
multi-output (SIMO) control loops operating on selected variables. Additionally, 
the overall control problem is decomposed into several separate problems with the 
objective of providing independent adjustment of strip tension and thickness any- 
where in the mill. This structure and variations of it [e.g. 2, 3] have been effective in 
producing an acceptable product. However, it is recognized both by control theore- 
ticians and practitioners that applications of other design techniques could result 
in improvements in performance, particularly in robustness to disturbances and 
uncertainties. Various advanced methods [e.g. 4, 5] based on well-established 
techniques have been proposed and simulated in academia, and a few have been 
implemented in actual practice. Many of these advanced methods have resulted 
in some improvements, but also have some significant shortcomings resulting 
mostly from the complexities of the control methods. Among these are difficulties 
in tuning during commissioning by personnel who usually are unfamiliar with 
advanced control techniques, complexities in the controller design methods, and 
the necessity for development of a linearized process model. Consequently, there 
is a need for a better approach. 

As a step toward fulfilling this need, an objective of this book is to investigate 
several approaches to the control of the tandem cold metal rolling process. This 
investigation includes both conventional and advanced methods that have been 
proposed and simulated as well as those that have been actually implemented, with 
the goal of identifying one or more particular methods that offers a significant 
advantage. The work covers both theoretical and applied aspects, provides com- 
ments on the various approaches, and to the extent practical compares the various 
approaches to the results of actual installations. The success of a particular method 
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2 1 Introduction 

is judged on its capability to improve performance, to provide a controller that is 
easy to implement at commissioning, to enhance the use of physical intuition 
in a design process that is structured to be user-friendly, and does not require a 
linearized model. Of course, not every conceivable method can be evaluated, nor 
can a review be exhaustive in every detail. Thus what is considered are the salient 
features of those advanced methods based on well-established techniques which 
have received attention in the literature and appear to offer the potential for signi- 
ficant improvement over conventional methods. Also included are the features of 
well-performing conventional methods that are typical for control of tandem cold 
rolling mills and for which performance data are readily available. 

To provide some background to aid in understanding of what is presented in the 
chapters that follow, this chapter presents a brief historical overview of tandem cold 
metal rolling and a description of the basic characteristics of the more common 
tandem cold rolling processes, i.e. stand-alone tandem cold rolling and continuous 
tandem cold rolling. 



1.2 Historical Background 

Some of the earliest known rolling of metals was somewhere around the fourteenth 
century where very small rolls were used to flatten cold metals such as gold, silver, 
or lead that were used in jewelry or works of art. In 1480 Leonardo da Vinci 
describes in his notes machines for the cold rolling of sheets and bars, but it is 
unlikely that these mills were ever constructed. Toward the last half of the sixteenth 
century the cold rolling of metal, particularly lead, began to take on more impor- 
tance as lead began to be used for roofing and other applications such as organ 
pipes. 

The seventeenth century saw the hot rolling of bars of ferrous materials into thin 
sheets throughout Europe and especially in Germany, with applications later in that 
century in England and Wales. These mills were single stand mills. It was not until 
the eighteenth century that metal was rolled in successive stands arranged as a 
tandem mill, the first recorded of which was for the hot rolling of wire rods in 
England in 1766, and in 1798 a patent was issued for a tandem mill for rolling iron 
plates and sheets. 

The size of the mills and of their rolled products increased significantly during 
the nineteenth century with the advent of the industrial revolution, which brought 
about a tremendous increase in the demands for iron and steel. Most mills prior to 
the middle of the nineteenth century were two-high (Figure 1.1). However, at about 
the middle of the century a three-high mill was introduced in Great Britain by R. B. 
Roden and later improved upon by Lauth who used a middle roll with a lesser 
diameter than the two larger backup rolls. This arrangement offered greater pro- 
ductivity with a significant reduction in the power required. The four-high arrange- 
ment was introduced in 1872 in England and slightly earlier in Germany for rolling 
rails and beams. 
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The Lauth three-high arrangement with the smaller diameter middle roll 
provided the driving force for the cold rolling of steel as a successful production 
process. The successful commercialization of this arrangement occurred mostly in 
the United States in Pittsburgh, Pennsylvania by the American Iron and Steel 
Company, which was later acquired by the Jones and Laughlin Steel Corporation. 
The first four-high mill for the cold rolling of steel was used experimentally by 
Allegheny Ludlum Steel Corporation in 1923. 

The first known tandem cold rolling of steel strip was in 1904 at the West 
Leechburg Steel Company also near Pittsburgh, which was a two-high four-stand 
mill. However, real tandem cold mill operation with strip tension between the 
stands occurred around 1915 at the Superior Steel Company in Pittsburgh, and in 
1926 the first two-high four-stand tandem cold mill began operation in the Butler 
Pennsylvania plant of the American Rolling Company. The 1930s saw significant 
advancements in the maximum widths of cold rolled strip from about 890 mm in 
1935 to as much as 2,290 mm in 1940. Around the time of World War II and shortly 
thereafter most of the mills in use were four-stand, with five or six-stand mills 
coming into predominant usage in the early 1960s. 

Considerable advancements in rolling technology were made in the 1970s, and 
these resulted in improved surface finishes, tighter dimensional tolerances, 
and higher rolling speeds. Factors that contributed to this progress were larger 
and faster mill designs, improvements in the mill rolls and housing, advances in 
variable speed drive technology, enhancements in the instrumentation systems, and 
the maturing of computer control. More recent developments are fully continuous 
tandem cold mills, where strip accumulators are utilized for storage during coil 
changes, and fully continuous mills directly coupled to continuous pickling 
process lines. 

Some other modern advances include the replacement of motorized screw- 
downs with hydraulic cylinders, fully automatic thickness control systems, impro- 
vement in speed and tension control systems with mill exit speeds on the order of 
1,500-2,100 m/min being attained, and improvements in the control of the flatness 
and width of the strip, all of which contributed to improvements in productivity 
and in the yield and quality of the mill output. Additionally, six-high arrange- 
ments (Figure 1.1) have recently come into use for improvement in correcting 
a wider range of flatness defects in the strip. More detail regarding the historical 
background of metal rolling can be found in Roberts [6]. 



4 1 Introduction 

1.3 Process Overview 

The tandem cold rolling of steel strip is one process in a sequence of processes 
performed to convert raw materials into a finished product. The cold rolling process 
occurs after the hot rolling process wherein steel slabs are heated in a furnace, or 
produced in a continuous hot metal casting operation, and then rolled into coils of 
reduced thickness suitable for further processing. After hot rolling and prior to cold 
rolling, the hot rolled material undergoes a pickling process wherein the coiled strip 
is unwound and passed through an acid bath to remove the oxides formed during hot 
rolling. Just prior to recoiling, oil is applied to the strip to prevent rusting, eliminate 
damage due to scraping of adjacent coil wraps, and in certain instances to act as a 
partial lubricant for the first stand of the tandem cold mill. The cold rolling process 
then provides an additional reduction to produce thinner material since the reduc- 
tion in thickness in the hot rolling process generally is limited to about 1.25 mm. 
In addition, cold rolling is done for one, or both, of the following: (1) to improve 
the surface finish, and (2) to produce mechanical properties in the strip which make 
it suitable for the manufacture of various products such as the automated making 
of cans. 

In a typical stand-alone 5-stand tandem cold mill (Figure 1.2), the strip is passed 
through five pairs of independently driven work rolls, with each work roll supported 
by a backup roll of larger diameter. Figure 1.3 depicts a typical four-high mill stand 
arrangement. 

As the strip passes through the individual pairs of work rolls, the thickness is 
successively reduced. The reduction in thickness is caused by very high compres- 
sion stress in a small region (denoted as the roll gap, which for purposes of this 
work is also referred to as the roll bite) between the work rolls. In this region the 
metal is plastically deformed, and there is slipping between the strip and the work 
roll surface. The necessary compression force is applied by hydraulic rams, or in 
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Fig. 1.2 Five-stand tandem cold mill, stand-alone configuration 
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many older mills by a screw arrangement driven by an electric motor. The energy 
required to achieve the reduction in strip thickness causes a temperature rise at the 
roll gap which is reduced considerably by the cooling effects of air and rolling 
solution (lubricant) as the strip travels between the stands. 

Mill instrumentation generally consists of sensors to measure roll force at each 
stand, interstand strip tension force, strip thickness at the exit of the first and last 
stands, work roll speeds, roll gap actuator (hydraulic ram) positions, and in some 
instances the actual strip speed. Prior to rolling, work roll speed and roll gap 
position actuator references are calculated based on expected steady-state mill 
behavior. 

During the threading process in a stand-alone mill the strip is successively 
introduced into the mill stands at low speed. After the last stand is threaded, the 
mill is accelerated to the desired operating speed (run speed). Near the end of 
the coil, the mill is decelerated to a reduced speed for de-threading and set-up for 
the next coil. 

In the case of a continuous mill (Figure 1 .4), the strip is fed from an upstream 
process, usually a continuous pickling process, through storage devices so that 
rolling is not interrupted for a coil change as in the stand-alone case. At the entry 
of this process, the strip of an incoming coil is welded to the strip of the coil being 
processed. As the weld exits the upstream process and approaches the tandem 
cold mill, generally the mill speed is lowered to reduce the likelihood of strip 
breakage during the weld passage, and to be within the cutting range of the shear. 
When the weld exits the mill and is at the shear a cut is made for a flying transfer 
of the strip to the available rewind, with the pinch roll closing to maintain tension 
during the transfer. When tension is established at the rewind, the pinch roll is 
opened and the mill speed is increased to the desired operating speed. Generally 
process monitoring for the continuous arrangement is essentially the same as in 
the stand-alone case, except with an additional strip thickness measurement at the 
mill entry. 
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Fig. 1.4 Five-stand tandem cold mill, continuous configuration 



After cold rolling in either a continuous or stand-alone operation, the strip is 
cleaned and annealed to restore its formability, which was reduced by an increase 
in hardness and a decrease in ductility caused by the cold reduction process. 



1.3.1 Mill and Strip Data 



In both the stand-alone and continuous configurations, the functions of different 
types of tandem cold rolling mills sometimes are identified based on the product 
being produced. Examples are sheet mills and tin mills, with "tin" implying that the 
rolled product can be processed further to be thinly coated with tin for ultimate use 
in a tinplate application such as the manufacturing of food cans and shipping 
containers. However, often a particular mill configuration is designed for sheet, 
tin, and other applications, as so-called tin mills are not solely committed to rolling 
only product that will be subsequently plated with tin. The distinction between 
sheet and tin essentially is based on the thickness and width of the product being 
processed. Table 1.1 presents some ranges of values for sheet and tin applications, 
as part of the mill and strip data. 

Table 1.2 presents the thickness reduction patterns and interstand tensions of 
three production schedules [1] for a four-high, five-stand tandem mill rolling mild 
steel. The operator has the capability of slightly adjusting individually both the exit 
thicknesses and the interstand tensions during actual operation. The slight adjust- 
ment in thickness allows the shifting of the individual stand rolling loads during 
rolling. It should be noted that the data presented in Tables 1 . 1 and 1 .2 are intended 
only to be illustrative of actual installations, and should be used only to give some 
rough feel for actual practice. The data for a particular installation will depend on 
the specific mill design, the type of product being processed, and the specific 
operational practices peculiar to the installation. 
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Table 1.1 Mill and strip data 


Parameter 




Dimension 




Distance between stands 




3.6-4.9 m 




Work roll diameter 




405-660 mm 




Backup roll diameter 




1,065-1,575 




Roll face (sheet) 




1,370-2,335 




Roll face (tin) 




890-1,370 




Rolling force 




20,000^0,000 kN 




Overall reduction (sheet) 




40-85% 




Overall reduction (tin) 




85-90% 




Strip width (sheet) 




460-2,035 mm 




Strip width (tin) 




610-915 




Input strip thickness (sheet) 




2.0-6.4 




Output strip thickness (sheet) 




3.6-6.1 




Input strip thickness (tin) 




1.8-2.5 




Output strip thickness (tin) 




0.18-0.45 


Table 1.2 Production schedules for tandem cold rolling mill 


Parameter 


Production schedule number 






1 


2 


3 


Mill entry thickness, mm 


3.56 


2.36 


1.78 


Exit thickness, stand 1 


2.95 


2.01 


1.22 


Exit thickness, stand 2 


2.44 


1.52 


0.79 


Exit thickness, stand 3 


2.01 


1.22 


0.56 


Exit thickness, stand 4 


1.68 


0.97 


0.38 


Exit thickness, stand 5 


1.58 


0.91 


0.36 


Tension stress, mill entry, kN/mm 2 0.0 


0.0 


0.0 


Tension stress, stands 1,2 


0.086 


0.091 


0.097 


Tension stress, stands 2,3 


0.088 


0.094 


0.105 


Tension stress, stands 3,4 


0.089 


0.097 


0.119 


Tension stress, stands 4,5 


0.092 


0.102 


0.138 


Tension stress, mill exit 


0.028 


0.028 


0.028 



1.3.2 Advantages of Continuous Tandem Cold Rolling 



The arrangement for continuous tandem cold rolling wherein a tandem cold rolling 
mill is coupled to an upstream pickling process has several advantages over the 
stand-alone process. The most significant of these is the increase in productivity 
realized because of not having to interrupt the rolling process to change coils. As an 
example, for a stand-alone mill the typical annual production rate is in the range of 
600,000-800,000 tons. With the continuous arrangement and depending on the 
product mix, this is increased to over 1.2 million tons and in many instances 
upwards of 1.5 million tons, which represents a significant increase. This is a 
major reason why almost all new installations in the early part of the twenty-first 
century are continuous mills, and why many of the older installations are being 
converted from stand-alone to continuous, so that the continuous mill is essentially 
replacing the stand-alone mill as the preferred arrangement. 
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To facilitate the conversion from stand-alone to continuous, strip turning units 
and bridles often are employed to match the tandem cold mill to the pickling 
process. The strip turning unit accommodates arrangements wherein the tandem 
cold rolling mill is not inline with (and almost always at right angles to) the pickling 
process by using a mechanical arrangement of cylinders and rollers to redirect the 
strip exiting the pickling line into the tandem cold mill. The bridle is an arrange- 
ment of several rolls powered by electric motors. The strip is passed well around 
each of the bridle rolls, with the bridle motors controlled to make up the difference 
in the strip tensions between the pickling process and the tandem cold mill. 

Speed differences between the cold mill and the pickling process, during for 
example passage of the weld for the next coil in the cold mill, require a means to 
store the excess length of strip generated between the two processes due to the 
speed mismatch. The most commonly used device for this storage is the horizontal 
accumulator, wherein typically a car travels on a track which is a set of rails. The 
accumulator functions as a take-up device to store the excess strip, and then to 
reverse its direction of travel to deplete the excess strip from storage after the weld 
is through the mill and a new coil is started on the available rewind. Figure 1.5 
shows a typical interface between a pickling process and a tandem cold mill using 
a bridle and an accumulator. 



1.3.3 Main Drives and Motors 

Modern tandem cold rolling mills are powered by variable speed AC machines 
which are synchronous motors or cage rotor induction motors. The drives which 
control these motors are mostly pulse-width-modulated (PWM) voltage source 
converters which are powered from a DC link with an active front end. This allows 
the transfer of energy between mill and reel drives that are motoring or regenerat- 
ing, plus the potential for the transfer of energy back to the plant power system 
network. This particular drive topology injects very low harmonics into the power 
system so that distortion in voltage and current are reduced to very low levels 
without the need for harmonic filters. In addition, the active front end gives nearly 
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Fig. 1.5 Typical interface between pickling process and tandem cold mill 
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unity power without static VAR compensators. The efficiency of the drive itself is 
quite high, very nearly 99%. In some drive designs operation is maintained during 
certain network voltage drops without tripping. More detail regarding the current 
capabilities of motors and drives is provided in Chapter 6. 



1.3.4 Subsequent Chapters 

In Chapter 2 a model for the cold rolling process will be developed. Chapter 3 will 
present several basic conventional control approaches to the control of the various 
areas of the tandem cold rolling process. Chapter 4 will cover some advanced 
techniques and compare them to conventional methods. Chapter 5 deals specifi- 
cally with an advanced technique based on the use of the state-dependent algebraic 
Riccati equation, and will compare this method with conventional methods based 
on performance and their usefulness in a practical setting. Chapter 6 covers some 
basic introductory material on motors and drives for powering modern tandem 
cold mills. 
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Chapter 2 
Process Model 



2.1 Mathematical Model 

A mathematical model of the tandem cold rolling process is a group of expressions 
which relate the rolling parameters to each other. Various mathematical models of 
the cold rolling process have been developed based on their intended use. For 
example, Roberts [1] identifies kinetic models which relate rolling force and spindle 
torque to other factors such as yield stress of the strip and strip tension, thermal 
models which include the aspects of kinetic models plus temperature distributions 
in the rolls and the strip, and economic models which are related to cost and pro- 
fitability. The type of model desired for the work described in this book is one which 
relates the parameters of the tandem cold rolling process that are significant in the 
development of a process control strategy. In addition, the model must be useful in 
a practical sense, i.e. it must be capable of being implemented in a straightforward 
manner without being computationally demanding and yet retain the features needed 
for process control. 

The cold rolling process involves the interaction of three components: (1) the 
work rolls, (2) the lubricant, and (3) the work piece (i.e. the strip). The roll force 
model, which predicts the deformation of the strip in the roll bite, is the center of the 
modeling of this process. Many existing classical roll force models are based on 
the theoretical work of Orowan [2], who used several simplifying assumptions to 
solve a differential equation developed by Von Karman [3] which expressed the 
pressure distribution across the arc of contact in the interface between the work rolls 
and the strip. However, these classical methods were computationally demanding 
and required considerable care to design numerical algorithms which were compu- 
tationally robust. To attempt to provide a less complex roll force model which was 
more suitable for work involving control strategies, Bryant [4] developed simplified 
expressions for a model which reduced the problem to a series of algebraic equa- 
tions. In addition, similar expressions for the prediction of neutral angle, slip, and 
torque were developed. Simulations were performed using the simplified expressions 
and the results were compared with the results obtained from simulations using the 
classical methods, which were extensively studied and verified. The comparisons 
generally showed close agreement between the simplified and classical simulations. 
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2 Process Model 



Considering this, and since data and simulation results are provided that are typical 
of practical applications with various products and operating conditions, the theory 
given in Bryant is used herein as a basis for development of a model that is some- 
what simpler than Bryant's and than certain models developed by others (e.g. [5, 6]), 
but yet remains useful as a tool for the basic investigation of various control 
techniques. In addition to Bryant's work, certain empirical relationships given in 
Roberts [1] also are used in the development of the simplified model. 



2.2 Theoretical System Equations 

In this section theoretical system equations for relevant process variables are 
developed. The equations are simplified forms of the classical derivations which 
retain features relevant to the control of the tandem cold mill. The expressions 
given apply to each mill stand. Where adjacent mill stands are involved, the sub- 
scripts "i" and "i + 7" are used, where i represents the mill stand number. Unless 
indicated otherwise, the subscript "op" indicates the desired value of a variable at 
an operating point, while the subscript "0" indicates the initial value of a variable. 



2.2.1 Specific Roll Force 

The theory for prediction of specific roll force is central to the development of 
a model for tandem cold rolling. In this section, theory is presented to provide 
some insight into phenomena occurring at the roll bite, and a simple but useful 
model is developed. 

Referring to Figure 2.1, which approximately represents the strip in the roll bite 
area, the incoming strip is of thickness /?,„ at its centerline and is moving toward 
the roll bite with speed v,-„. The strip exits the roll bite with thickness h out at its 
centerline and with speed v out . The incoming strip is under tension stress a im the 
exiting strip is under tension stress a out . 
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Fig. 2.1 Roll bite area 



h 
Vi» t 7" 


\/ / \ /» 


/ "out v 




^ s ^^j2*;' ' '^>^ 


U>ut 


°/« -« — 




►<?< 




><^T~'< ^^ 


X t 


t 


/?/\v 


elastic 


elastic . 


■^ J neutral 


recovery 


deformation 


/ plane 
plastic 
deformation 





2.2 Theoretical System Equations 



13 



During rolling, the work roll is elastically flattened from its radius R to a radius 
R'. In the strip deformation process there is slipping between the flattened work 
roll surface and the strip, except at the neutral plane. At the entry to the neutral 
plane the strip speed is less than the peripheral speed of the work roll, and at the exit 
of the neutral plane the strip speed is greater than the peripheral speed of the work 
roll. At the neutral plane, the strip speed nearly matches the work roll peripheral 
speed, and the friction forces acting on the strip change sign. Three areas related to 
strip deformation are: (1) the zone of elastic deformation, (2) the zone of plastic 
deformation, and (3) the zone of elastic recovery. 

Figure 2.2a shows an element of strip of unit width and length dx in the roll 
bite, between the entry of the plastic zone and the neutral plane, and at an angle 
ip with the deformed work roll radius R'. The change in thickness of the strip 
element is dh, and the compressive stresses exerted on the vertical walls of the 
element are a and (a + da). 

Figure 2.2b depicts the horizontal forces exerted on this element of strip in 
equilibrium. The radial pressure acting on the surface of the element is p r , with a 
corresponding radial force p,dx/cos(ip), and horizontal components p,.tan(ip)dx. 
Friction force is pp,dx/cos(ip), with horizontal component fip,dx, where p is the 
coefficient of friction. Resolving horizontal forces on the element of strip in 
equilibrium gives 



2p r sin((/>) - 



dx 



2pp,dx + ah — (h + dh)(a + da) = 0. 



(2.1) 



By geometry, 



dx 



R'd(f>, 



(2.2) 



cos((/>) 
and substituting (2.2) into (2.1), grouping terms and neglecting dh da gives 

2P,.7?'(sin(0) =F pcos(cf))) = d(ha), (2.3) 



p r tan((p)dx 
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Fig. 2.2 Element of strip in the plastic zone 
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2 Process Model 



where symbols are as defined previously, and the plus sign applies for a strip 
element between the neutral plane and the exit of the plastic zone. 

The Huber-Mises condition for plasticity [1] relates the roll pressure p r to the 
principal stress a in the horizontal plane and the compressive yield stress k(h) as 



k(h), 



(2.4) 



where k(h) denotes the dependency of k on h. Assuming this condition applies and 
substituting into (2.3) gives 



d[h[p r - k(h))} 
dcj) 



= 2p r R' (sin(</>) =F fj,cos((f>)). 



(2.5) 



Using some assumptions and approximations, (2.5) can be solved to give a 
complicated expression for roll pressure p r as a function of the angle ip in the 
plastic zone. An example of roll pressure variation in the roll bite area is depicted in 
Figure 2.3 which is a typical profile of roll pressure in the plastic and elastic zones 
as a function of the angle of the arc of contact over the entire roll bite. 

The curve in Figure 2.3 is frequently denoted as a "friction hill" because of the 
shape of the upper portion, which results from the effects of the friction compo- 
nents. The peak of the curve is at the neutral plane where the friction forces change 
sign. The peak depends on the coefficient of friction (i.e. as the coefficient of fric- 
tion is increased, the peak will increase and move toward the entry of the roll bite, 
and the specific roll force P will increase). The area under the curve is the specific 
roll force. 

The deformed work roll radius is estimated by assuming an elliptical pressure 
distribution, using calculus, algebraic manipulations and some other assumptions. 
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The resulting expression as developed by Hitchcock [1] for the deformed roll 
radius is 

/ 16(1 -v 2 )P \ 

R'=R i + -^77 t-^ > (2 - 6) 

V n E (h in - h out ) J 

where v is Poisson's ratio, E is Young's modulus, and other symbols are as defined 
previously. 

The compressive yield stress (or hardness) k of the strip affects the pressure 
distribution and thus the specific roll force P. Compressive yield stress is expres- 
sed as a base term k plus an offset term A ki to account for dependency on strain 
rate. The following expression has been determined empirically [4], neglecting 
thermal effects 

k = ko + Aki, (2.7) 

where 

k = a{b + r) c , (2.8) 

a, b, and c are constants, r is the reduction corresponding to a thickness h with 
respect to an annealed thickness H a , i.e. 

H a -h 
r = ^n~, (2-9) 

Ha 

and A ki is a speed dependent offset due to strain rate, which is approximated [1] by 



where V is work roll peripheral speed, h iM and li olM are the desired initial values at 
an operating point, and y is a constant. The expression for r accounts for work 
hardening effects caused by rolling in upstream mill stands, and any processing 
after hot rolling and before entry into the tandem cold mill. The annealed thickness 
H a is the strip thickness at the exit of the hot rolling process. H a is sometimes 
significantly different than the thickness at the tandem cold mill entry because of 
processing after hot rolling and prior to cold rolling. The interstand time delay 
approximation (2.28) is used to estimate the delay in changes in the compressive 
yield stress from stand i to stand i + 1. 

The coefficient of friction fi, which is speed dependent, also affects the pressure 
distribution. Empirically, the coefficient of friction is determined [1] as 



H = \ r M 2R ' 0M ) (0.5 + ( Kl - 0.5) e-W), (2.11) 



where K\ and K^ are constants. 
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The roll pressure distribution depicted in Figure 2.3 can be approximated by 
graphical methods which result in the following simplified expression for specific 
roll force in the plastic zone, where specific roll force in the elastic zones is assumed 
negligible for most practical cases, 

P=(k-d)V~R i 8 (1 + Ax). (2.12) 

In (2.12) k is the compressive yield stress given by 

k = A 1 k in + {l-fa)k 0Ut (2.13) 

where k in is the compressive yield stress at the entry of the plastic zone, k out is the 
compressive yield stress at the exit of the plastic zone, and X\ is a constant and a is 
the mean tension stress given by 

a = faa in + (1 - fa) (Tout, (2.14) 

here fa is a constant, a is given by 

a = */— exp — r - - 1, (2.15) 

V h in y h J 

5 is the draft (i.e., h out - h in ), h is the mean thickness given by 

h = ph 0M + (l-P)h in , (2.16) 

and /? is a constant. Other symbols in (2.12)— (2.15) are as defined previously. 



2.2.2 Work Roll Torque 

A simple approximation of work roll torque is obtained by assuming a constant 
pressure over the arc of contact, and taking the total force exerted on the strip as the 
draft (i.e., h in - h out ) multiplied by the average yield stress, with zero tension stress 
at the entry and exit ends of the roll bite, 

G = R(h in -h 0Ut )a, (2.17) 

where G is the specific total work roll torque, and other symbols are as defined 
before. With tension on each side of the roll bite 



G = Ro 



(h in -h m )(l + a f) + ( ai ^) 



(2.18) 
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Since work roll speed is determined by closed-loop speed control, excursions in 
work roll speed caused by changes in torque can be taken as less significant so that 
(2.17) and (2.18) are provided only as background information, and need not 
be included in the basic model for the purposes of the work considered herein. 
Additional efforts beyond the scope of this work may expand the model given in 
Sect. 2.2.9 for work roll speed and consider the effects of work roll torque. 



2.2.3 Forward Slip 

The forward slip /is given approximately by 

f = ^y^, (2.19) 

where V out is the strip speed at the exit of the roll bite, and V is the peripheral speed 
of the work roll. By conservation of volume through the roll bite and assuming 
constant strip width, 

/ = "~ °"' , (2.20) 

"out 

where h„ is the thickness at the neutral plane. The angle at the neutral plane is 
approximated [4] by 



1 h nut 8 1 h nu ,8 1 h„ 



2 h \R' AhuR' 4/i/?' 



&out &ii 



(2.21) 



where h is the mean thickness (2.16) except with the value of the constant ft 
adjusted slightly. The angle of contact is approximated by 



nn ll oul 



'' (2.22) 



R' 

Analysis using an element of strip just at the exit side of the neutral plane and 
using (2.19), (2.20), and (2.22) gives an expression for the forward slip that is useful 
for control development 



/ = \ h,n h ho - i m . <223) 



where the symbols are as defined previously. 
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2.2.4 Interstand Tension Stress 

An equation for interstand tension stress is developed by applying Hooke's law to a 
length of strip between successive mill stands, assuming some average strip thick- 
ness and neglecting stretching of the strip. The average tension stress is 

a i , i+ i=E-- , (2.24) 

M) 

where L is the distance between mill stands i and i + 1, Al is the change in length 
due to application of a tension force corresponding to <t,,,+i and E is Young's 
modulus. Over an increment of time dt 

d((Ti,i+i) . E(V in , i+ i - V our ,i) 

^— ; — - = Q7./+1 = — ; , o"/,/+i (0) = (Tqjj+u (2.25) 

at Lq 

where V„,,,+ i is the strip velocity at the input to stand z'+l, V OH ,, is the strip velocity 
at the output of stand i, and cr , ;+1 is the initial tension stress in the strip between 
stands i and i+ 1 . 



2.2.5 Output Thickness 

A linear approximation for output thickness is 

PW 

h iml = S + S + — , (2.26) 

where P is the specific roll force, W is the strip width, S is work roll actuator 
position, So is the intercept of the linearized portion of the mill stretch curve, and 
M is the mill modulus. More detail related to the usage of this approximation is 
presented in Chapter 3. 



2.2.6 Interstand Time Delay 

The interstand time delay T f /,,.,+i is the time taken for a small element of strip to 
travel a distance L from the exit of stand i to the entry of stand z'+l, and is defined 
implicitly as 



V out j{t)dt. (2.27) 
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At any instant of time the time delay is approximated as 

Td,i,i+\ = T} — • (2.28) 



2.2.7 Input Thickness 

The input thickness to stand 1 is the input thickness to the mill. The input thickness 
to stands 2,3,4, and 5 is the output thickness from the previous stand delayed by the 
interstand time delay (2.28). 



2.2.8 Work Roll Actuator Position 

The work roll actuator position controller is modeled (closed-loop) as a single first 
order lag, based on typical data. The model is 

f I *i 

S = — ,5(0)= So, (2.29) 

ts is 

where S is the work roll actuator position, Us is the position controller reference, t$ 
is the closed-loop time constant, and So is the initial work roll actuator position. 



2.2.9 Work Roll Speed 

The work roll drive speed controller is modeled (closed-loop) as a single first order 
lag, based on application experience. The model is 

V = — -—, V(0) = V , (2.30) 

where V is the work roll peripheral speed, U v is the drive speed reference, x v is the 
closed-loop time constant, and V is the initial work roll peripheral speed. 



2.3 State and Output Equations 

In this section, the relationships developed in Sect. 2.2 are put into the forms of a 
state equation (2.31) and an output equation (2.32), 

dx 

— = x = a(x) + Bu, x(Q) — xq (2.31) 

y = g(x), (2.32) 
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where x £ R" is a vector whose elements represent the individual state variables, 
a(x) is a state-dependent vector, u £ R m is a vector whose elements represent the 
individual control variables, y <G R p is a vector whose elements represent 
the individual output variables, g(x) <E R p is a state-dependent vector, and B <G R nxm 
is a constant matrix. The individual state variables, control variables, and output 
variables represented by the elements of the vectors x, u, and y respectively in (2.3 1) 
and (2.32) are as shown in Table 2.1, where the variables and subscripts are as 
defined previously. 



2.4 Model Verification 

The model was verified by simulation using three operating points with reduction 
patterns similar to the typical production schedules given by Bryant [4]. Since it is 
impractical to use a physical mill to perform open-loop tests to verify the model, the 
results are compared to the results of Byrant's simulations. Bryant's results have 
been verified by comparison against results of simulations using classical 
approaches and against data derived from actual rolling operations, and are consid- 
ered by control theoreticians and practitioners as an industry "benchmark" for 
verification of models of the tandem cold rolling process. Additionally, the simula- 
tion results are compared against the results of Geddes [5] who has developed 
models which are based on reduction patterns similar to Bryant's. In addition, 
certain results are compared with the results of Guo [6] whose model is based on 
reduction patterns that also are somewhat similar in several areas to Bryant's. 

The simulations were open-loop (i.e. the mill is uncontrolled), with mill exit 
tension assumed to be held constant by the coiler controller. To be consistent with 
Bryant, mill entry tension is assumed to be about zero which is somewhat typical 
for an older mill with a coil box at the entry end. However, assuming an entry 
coiler where entry tension is controlled to be other than zero does not significantly 
affect the results, as was shown by additional simulations. Small step changes, 
both positive and negative, in each of the following variables were applied sepa- 
rately, with the other listed variables remaining at their operating point values. 



Table 2.1 Variable assignments for state, control, and output vectors 



State vector 




Control vector 




Output vector 




-*i (<rn) 


x s (S 4 ) 


"i (U S1 ) 


»6 (Uvi) 


>"i (Kun) 


y% (o->a) 


x 2 (an) 


x 9 (S 5 ) 


u 2 (U S2 ) 


Hi (U V2 ) 


y 2 (Kn,a) 


>'9 (ff45j 


X 3 (<7 34 ) 


-ViofV,) 


«3 (U S3 ) 


»8 (U V3 ) 


y 3 (K„k) 


VlO (Pi) 


x 4 (a 4S ) 


xu <V 2 ) 


»4 (U S 4> 


u 9 (U V4 ) 


y* (Kma) 


}'u(P 2 ) 


Xi (SO 


x 12 (V 3 ) 


u 5 (U S5 ) 


«io (U V5 ) 


?5 (Kuti) 


>'12 (P 3 ) 


X6 (S 2 ) 


X,3 (V 4 ) 






ye (<?n) 


>'i3 (Pa) 


Xy (S 3 ) 


xu (V 5 ) 






yi (a 23 ) 


Vl4 (Ps) 
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The initial simulations were performed at run speed, which was taken to be the 
maximum speed of the mill, and it was assumed that the mill is designed to 
successfully process the product being rolled at this speed. The variables which 
were perturbed are: 

• Strip annealed thickness 

• Strip thickness at the entry to stand 1 , accompanied by an equal change in strip 
annealed thickness 

• Strip hardness (compressive yield stress) at the entry to stand 1 

• Coefficient of friction at stands 1,3, and 5 (individually) 

• Work roll actuator position references of stands 1, 3, and 5 (individually) and 

• Work roll peripheral speed references of stands 1, 3, and 5 (individually) 

The mill speed was lowered to thread speed (5% of run speed) and the above 
repeated. Steady-state and dynamic responses to selected perturbations were 
recorded and compared to results presented in Bryant and to the results presented 
in Geddes for the application of the same perturbations in both cases. 

In the above it should be noted that the strip annealed thickness is the strip 
thickness as it leaves the hot rolling process, and that the strip thickness at the entry 
to the tandem cold rolling process is not always the same as the strip annealed 
thickness. This is because changes in strip thickness sometimes occur during 
processing that is performed between the exit of the hot rolling process and the 
entry of the tandem cold rolling process. 



2.4.1 Operating Points 

Table 2.2 presents three production schedules taken from Bryant and used for 
model verification, and also used by Geddes for model verification. Table 2.3 
presents the mill and strip parameters used. Prior to the application of perturbations 
to the mill model, three steady-state operating points (Table 2.4) were established 
using the three production schedules of Table 2.2. The following procedure was 
used to set the three operating points, assuming an uncontrolled mill: 

• The strip speed at the mill exit was set to 1,220 m/min which was taken as the 
maximum mill speed, i.e. 100% speed, or run speed 

• The individual work roll peripheral speeds were set based on estimations using 
the values of forward slips given in Bryant 

• The work roll actuator positions were adjusted to set the specific roll forces to 
closely approximate the reduction patterns of Table 2.2 

• Data were recorded for the exit thickness and the total roll force for each mill 
stand, and the interstand tensions and 

• Comparisons were made with the results of Bryant and Geddes who both used 
the same production schedules 
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Table 2.2 Production schedules 



Parameter 




Production schedule number 










1 


2 




3 


Mill entry thickness, mm 




3.56 


2.36 




1.78 


Exit thickness, stand 1 




2.95 


2.01 




1.22 


Exit thickness, stand 2 




2.44 


1.52 




0.79 


Exit thickness, stand 3 




2.01 


1.22 




0.56 


Exit thickness, stand 4 




1.68 


0.97 




0.38 


Exit thickness, stand 5 




1.58 


0.91 




0.36 


Tension stress, mill entry, kN/mm 


0.0 


0.0 




0.0 


Tension stress, stands 1,2 




0.086 


0.091 




0.097 


Tension stress, stands 2,3 




0.088 


0.094 




0.105 


Tension stress, stands 3,4 




0.089 


0.097 




0.119 


Tension stress, stands 4,5 




0.092 


0.102 




0.138 


Tension stress, mill exit 




0.028 


0.028 




0.028 


Table 2.3 Mill and strip 


Parameter 






Dimension 




Work roll radius 
Mill modulus 






292 mm 
3,921 kN/mm 




Distance between stands 




4,318 


mm 




Strip width 






914 mm 




Annealed thickness/mill entry 


thickness 


1.095 






Young's modulus 




207 kN/mm 2 




Poisson's ratio 






0.3 





Table 2.4 Operating points 



Parameter 


Operating point 


number 






1 


2 


3 


Mill entry thickness, mm 


3.56 


2.36 


1.78 


Exit thickness, stand 1 


2.95 


2.01 


1.22 


Exit thickness, stand 2 


2.44 


1.52 


0.79 


Exit thickness, stand 3 


2.01 


1.22 


0.56 


Exit thickness, stand 4 


1.68 


0.97 


0.38 


Exit thickness, stand 5 


1.58 


0.91 


0.36 


Tension stress, mill entry, kN/mm 


0.0 


0.0 


0.0 


Tension stress, stands 1,2 


0.080 


0.103 


0.111 


Tension stress, stands 2,3 


0.078 


0.126 


0.132 


Tension stress, stands 3,4 


0.057 


0.096 


0.132 


Tension stress, stands 4,5 


0.055 


0.060 


0.085 


Tension stress, mill exit 


0.028 


0.028 


0.028 



2.4.2 Simulation Results 



Step changes in the variables noted previously were applied to the model for each of 
the three operating points at the maximum mill exit speed (100%, 1,220 m/min). 
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For the purposes of comparison to the results of Bryant and to the results of Geddes, 
the sizes of the step changes were approximately those given in Bryant, which also 
were used by Geddes. Table 2.5 summarizes the mean and standard deviation of the 
percent deviations from the values of Bryant and Geddes using the data of 
Tables 2.6-2.17, which present the results for each of the cases given in Bryant. 
In these tables the percent change in a variable represents an average of the results 
for the three operating points. These data provide a thorough comparison with the 
"benchmark" results of Bryant and give some insight into the open-loop character- 
istics of the tandem mill for the thread and run regimes of mill operation. 

The strip speed at the mill exit was lowered to thread speed (61 m/min, i.e. 5% 
of top speed) and the simulations repeated. Steady-state responses considered 
more pertinent to the development of the control strategy are presented in 
Tables 2.18-2.25. Steady-state responses at 100% speed are also shown to facilitate 
comparison. 

Negative step changes of the same magnitude as the positive step changes were 
applied at 100% speed and at 5% speed. In general the resulting magnitudes of the 
output thickness and roll force did not change significantly from the magnitudes 
resulting from application of the positive steps. Some changes in the magnitudes of 
interstand tension occurred in those instances where the change in interstand tension 
was not large. Where the change in interstand tension was larger (e.g. a step change 
in hardness), the change in magnitude was of the same order as the change in 
magnitude with the positive step. Some typical results are depicted in 
Tables 2.26-2.29 for 100% speed. The results for 5% speed are similar. The percent 
changes for positive step changes also are shown to facilitate comparison. 



Table 2.5 Variations of model from Bryant and Geddes 



Variable 


Mean of percent deviations 


Standard deviation of percent 




of model from 




deviations of model from 




Bryant 




Geddes 


Bryant 




Geddes 


Output thickness 


-4.5 




-2.7 


25.7 




13.1 




Total roll force 


2.0 




-23.6 


40.6 




23.5 




Interstand tension 


3.8 




68.7 


73.7 




203.3 




Table 2.6 +2% Step 


change in stand 1 input 


thickness 










Variable 


Source 


Percent change in variable (steady-state) 








Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


1.8 


1.8 


1.8 


1.8 




1.7 




Geddes 


2.32 


2.13 


1.90 


2.14 




2.21 




Model 


2.40 


2.38 


2.39 


2.31 




2.42 


Total roll force 


Bryant 


2.0 


1.3 


0.9 


0.5 




0.8 




Geddes 


3.23 


2.27 


1.30 


1.23 




1.68 




Model 


2.17 


1.67 


1.35 


1.09 




1.57 


Interstand tension 


Bryant 


—trace 


—trace 


+trace 


—trace 


- 




Geddes 


+trace 


1.7 


4.6 


-2.4 




- 




Model 


1.2 


0.7 


0.4 


8.8 




- 
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Table 2.7 +5% Step 


change in 


annealed thickness 








Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


2.5 


2.6 


2.6 


2.7 


2.6 




Model 


1.42 


1.52 


1.51 


1.46 


1.53 


Total roll force 


Bryant 


2.8 


2.4 


1.9 


0.8 


1.7 




Model 


1.27 


1.13 


1.00 


0.91 


1.11 


Interstand tension 


Bryant 


6.0 


5.0 


4.7 


2.3 


- 




Model 


9.9 


6.9 


6.2 


10.1 


- 


Table 2.8 +5% Step 


change in 


stand 1 input 


hardness 








Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


2.1 


3.0 


3.3 


3.4 


3.7 




Geddes 


1.23 


1.47 


1.66 


1.49 


1.52 




Model 


1.27 


1.51 


1.56 


1.56 


1.86 


Total roll force 


Bryant 


2.3 


2.4 


2.1 


1.4 


3.1 




Geddes 


1.79 


1.61 


1.24 


0.92 


1.30 




Model 


1.07 


1.00 


0.84 


0.71 


1.17 


Interstand tension 


Bryant 


24.7 


42.7 


49.0 


54.0 


- 




Geddes 


7.2 


5.7 


6.7 


20.4 


- 




Model 


26.1 


31.9 


43.7 


61.4 


- 


Table 2.9 +10% Step change in stand 1 friction coefficient 


Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


0.4 


0.4 


0.4 


0.4 


0.30 




Geddes 


0.61 


0.54 


0.48 


0.55 


0.50 




Model 


0.98 


0.95 


0.95 


0.93 


0.96 


Total roll force 


Bryant 


+trace 


+trace 


+trace 


+trace 


+trace 




Geddes 


0.70 


0.40 


0.21 


0.19 


0.24 




Model 


0.63 


0.43 


0.37 


0.30 


0.43 


Interstand tension 


Bryant 


-2.0 


—trace 


—trace 


—trace 


- 




Geddes 


-2.9 


-2.7 


2.2 


7.1 






Model 


-0.8 


-0.4 


-0.4 


2.0 


- 



Table 2.10 +10% Step change in stand 3 friction coefficient 



Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


+trace 


-0.2 


+trace 










Geddes 


+trace 


-0.26 


+trace 


+trace 


+trace 




Model 


0.05 


-0.24 











Total roll force 


Bryant 


+trace 


—trace 













Geddes 


+trace 


0.26 








—trace 




Model 





-0.16 











Interstand tension 


Bryant 





10.0 








- 




Geddes 


-2.8 


3.0 


-1.1 


9.4 






Model 


-1.4 


13.8 


-0.8 


-0.4 


- 
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Table 2.11 +10% Step change in stand 5 friction coefficient 



Variable 


Source 


Percent change in 


variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 










+ trace 


—trace 


+trace 




Model 













—trace 





Total roll force 


Bryant 













—trace 







Model 



















Interstand tension 


Bryant 










—trace 


7.3 


- 




Model 





+trace 


—trace 


5.9 


- 



Table 2.12 +0.1 mm Step change in stand 1 position actuator reference 



Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


1.5 


1.3 


1.3 


1.3 


1.2 




Geddes 


2.42 


2.04 


1.77 


2.10 


2.04 




Model 


1.55 


1.42 


1.41 


1.37 


1.42 


Total roll force 


Bryant 


-3.5 


0.8 


0.3 


0.3 


0.8 




Geddes 


-4.42 


2.17 


1.17 


1.22 


1.64 




Model 


-3.23 


0.95 


0.76 


0.62 


0.88 


Interstand tension 


Bryant 


-6.3 


-5.3 


-1.8 


-1.8 


- 




Geddes 


-3.5 


9.7 


2.1 


-0.6 


- 




Model 


-0.5 


-1.4 


-1.5 


2.5 


- 


Table 2.13 +0.1 


mm Step change 


•■ in stand 3 


position actuator reference 






Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 


+trace 


-0.4 


0.4 


+trace 


+trace 




Geddes 


0.16 


-0.43 


0.55 










Model 


+trace 


-0.27 


0.34 








Total roll force 


Bryant 





—trace 


-4.3 










Geddes 


0.14 


-0.92 


-6.17 


+trace 


+trace 




Model 





-0.30 


-4.60 








Interstand tension 


Bryant 


—trace 


18.7 


1.7 





- 




Geddes 


-1.9 


9.7 


2.1 


—trace 


- 




Model 


-1.5 


23.1 


6.8 


2.1 


- 


Table 2.14 +0.1 


mm Step change 


•■ in stand 5 


position actuator reference 






Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 








+ trace 


-0.5 


0.2 




Model 











-0.38 


0.23 


Total roll force 


Bryant 














-7.8 




Model 











—trace 


-7.39 


Interstand tension 


Bryant 








-1.8 


24.0 


- 




Model 


—trace 


0.2 


-1.1 


37.4 


- 
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Table 2.15 +2% Step change in 


stand 1 speed 


actuator reference 






Variable 


Source 


Percent change in variable (steady-state) 








Stand 1 


Stand 2 


Stand 3 Stand 4 


Stand 5 


Output thickness 


Bryant 


0.5 


1.6 


1.8 


1.9 


1.8 




Geddes 


0.44 


1.47 


1.47 


1.86 


1.78 




Model 


0.46 


1.57 


1.81 


1.82 


1.85 


Total roll force 


Bryant 


+trace 


1.6 


1.4 


0.8 


1.3 




Geddes 


0.66 


1.67 


1.09 


1.24 


1.64 




Model 


0.35 


1.27 


1.16 


1.01 


1.30 


Interstand tension 


Bryant 


-18.3 


-8.0 


-4.7 


-5.3 


- 




Geddes 


-10.0 


-5.1 


-0.2 


10.4 


- 




Model 


-27.0 


-6.9 


-3.6 


3.3 


- 



Table 2.16 +2% Step change in stand 3 speed actuator reference 



Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 





-0.5 


-1.4 


-0.2 







Geddes 


+trace 


-0.52 


-1.07 


+trace 







Model 


+trace 


-0.53 


-1.30 


-0.13 


—trace 


Total roll force 


Bryant 





—trace 


—trace 










Geddes 


+trace 


-0.66 


-0.83 





—trace 




Model 





-0.42 


-0.72 


—trace 


—trace 


Interstand tension 


Bryant 





20.0 


-13.0 


-6.0 


- 




Geddes 


-1.1 


10.0 


-5.2 


0.3 


- 




Model 


-1.2 


29.9 


-30.5 


-14.5 


- 


Table 2.17 +2% Step change in 


stand 5 speed 


actuator refei 


'ence 






Variable 


Source 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Bryant 








+trace 


-0.8 


-1.9 




Model 








+trace 


-1.01 


-1.61 


Total roll force 


Bryant 











—trace 


—trace 




Model 











-0.5 


-1.10 


Interstand tension 


Bryant 








-7.0 


46.7 


- 




Model 


-0.1 


0.5 


-1.4 


97.6 


- 



Dynamic responses of stand exit thicknesses, interstand tensions, and stand 
specific roll forces to step changes in the variables noted previously were taken 
with operation at 100% speed and at 5% speed using operating point 1 (Table 2.4). 
In all cases the model was stable and there were no undesirable excursions in the 
responses. Figures 2.4-2.6 depict dynamic responses for three selected cases at 
100% speed: 

• +2% step change in the input thickness to stand 1 

• +2% step change in the stand 1 position actuator reference and 

• +2% step change in the stand 1 speed actuator reference 



2.5 Concluding Comments 



27 



Table 2.18 +2% Step change in stand 1 input thickness at 5% speed 



Variable 



Speed (%) Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


2.40 


2.38 


2.39 


2.31 


2.42 




5 


2.39 


2.35 


2.33 


2.27 


2.40 


Total roll force 


100 


2.17 


1.67 


1.35 


1.09 


1.57 




5 


2.16 


1.65 


1.34 


1.09 


1.56 


Interstand tension 


100 


1.2 


0.7 


0.4 


8.8 


- 




5 


0.6 


+trace 


-0.9 


9.2 


- 



Table 2.19 +5% Step change in stand 1 input hardness at 5% speed 



Variable 



Speed (%) Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


1.27 


1.51 


1.56 


1.56 


1.86 




5 


1.23 


1.31 


1.41 


1.44 


1.64 


Total roll force 


100 


1.07 


1.00 


0.84 


0.71 


1.17 




5 


1.00 


0.91 


0.75 


0.62 


1.05 


Interstand tension 


100 


26.1 


31.9 


43.7 


61.4 


- 




5 


20.3 


23.0 


24.9 


55.5 


- 



Table 2.20 +0.1 mm Step change in stand 1 position actuator ref at 5% speed 



Variable 


Speed (%) 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


1.55 


1.42 


1.41 


1.37 


1.42 




5 


1.41 


1.21 


1.21 


1.18 


1.25 


Total roll force 


100 


-3.23 


0.95 


0.76 


0.62 


0.88 




5 


-3.29 


0.87 


0.70 


0.57 


0.81 


Interstand tension 


100 


-0.5 


-1.4 


-1.5 


2.5 


- 




5 


-0.1 


-1.1 


-1.5 


3.0 


- 


Table 2.21 +0.1 


mm Step change 


in stand 3 


position actuator ref at 5% 


speed 




Variable 


Speed (%) 


Percent change in variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


+ trace 


-0.27 


0.34 










5 





-0.16 


0.38 








Total roll force 


100 





-0.30 


-4.60 










5 





-0.23 


-4.61 








Interstand tension 


100 


-1.5 


23.1 


6.8 


2.1 


- 




5 


-1.4 


15.8 


4.2 


2.1 


- 



2.5 Concluding Comments 



The reduction patterns of the three operating points (Table 2.4) closely match those 
of the three production schedules (Table 2.2), however there are some discrepancies 
in the interstand tensions. As previously noted, these discrepancies do not result in 
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Table 2.22 +0.1 mm Step change in stand 5 position actuator ref at 5% speed 



Variable 


Speed (%) 


Percent change in 


variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 













-0.38 


0.23 




5 













-0.19 


0.43 


Total roll force 


100 













—trace 


-7.39 




5 













-0.13 


-7.35 


Interstand tension 


100 


—trace 


0.2 




-1.1 


37.4 


- 




5 


—trace 


0.3 




-1.7 


38.0 


- 



Table 2.23 +2% Step change in stand 1 speed actuator ref at 5% speed 



Variable 



Speed (%) Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


0.46 


1.57 


1.81 


1.82 


1.85 




5 


0.56 


1.72 


1.98 


1.82 


2.17 


Total roll force 


100 


0.35 


1.27 


1.16 


1.01 


1.30 




5 


0.50 


1.23 


1.12 


1.59 


1.32 


Interstand tension 


100 


-27.0 


-6.9 


-3.6 


3.3 


- 




5 


-23.0 


-5.0 


-3.0 


4.8 


- 



Table 2.24 +2% Step change in stand 3 speed actuator ref at 5% speed 



Variable 



Speed (%) Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 


+trace 


-0.53 


-1.30 


-0.13 


—trace 




5 


+trace 


-0.64 


-1.30 


-0.10 





Total roll force 


100 





-0.42 


-0.72 


—trace 


—trace 




5 





-0.43 


-0.76 


—trace 





Interstand tension 


100 


-1.2 


29.9 


-30.5 


-14.5 


- 




5 


-1.8 


24.8 


-21.6 


-10.5 


- 



Table 2.25 +2% Step change in stand 5 speed actuator ref at 5% speed 



Variable 


Speed (%) 


Percent change in 


variable (steady-state) 






Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


100 










+ trace 


-1.01 


-1.61 




5 










0.15 


-0.78 


-1.50 


Total roll force 


100 













-0.50 


-1.10 




5 













-0.39 


-1.07 


Interstand tension 


100 


-0.1 


0.5 




-1.4 


97.6 


- 




5 


-0.1 


0.7 




-3.9 


102.6 


- 



significant increases or decreases in interstand tensions which would cause the strip 
to break or become slack. These discrepancies might be attributed to uncertainties 
in the estimation of forward slips under open-loop conditions. Additionally, the 
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Table 2.26 —2% Step change in stand 1 input thickness 



Variable 



Step 



Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Pos 


2.40 


2.38 


2.39 


2.31 


2.42 




Neg 


-2.48 


-2.45 


-2.43 


-2.55 


-2.35 


Total roll force 


Pos 


2.17 


1.67 


1.35 


1.09 


1.57 




Neg 


-2.22 


-1.69 


-1.36 


-1.19 


-1.51 


Interstand tension 


Pos 


1.2 


0.7 


0.4 


8.8 


- 




Neg 


-1.0 


0.1 


0.1 


10.2 


- 



Table 2.27 —5% Step change in stand 1 input hardness 



Variable 



Step 



Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Pos 


1.27 


1.51 


1.56 


1.56 


1.86 




Neg 


-1.34 


-1.60 


-1.62 


-1.81 


-1.96 


Total roll force 


Pos 


1.07 


1.00 


0.84 


0.71 


1.17 




Neg 


-1.13 


-1.05 


-0.88 


-0.82 


-1.25 


Interstand tension 


Pos 


26.1 


31.9 


43.7 


61.4 


- 




Neg 


-25.7 


-31.4 


-43.5 


-44.5 


- 



Table 2.28 —0.1 mm Step change in stand 1 position actuator reference 



Variable 



Step 



Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Pos 


1.55 


1.42 


1.41 


1.37 


1.42 




Neg 


-1.55 


-1.43 


-1.41 


-1.47 


-1.39 


Total roll force 


Pos 


-3.23 


0.95 


0.76 


0.62 


0.88 




Neg 


-3.21 


-0.96 


-0.77 


-0.65 


-0.86 


Interstand tension 


Pos 


-0.5 


-1.4 


-1.5 


2.5 


- 




Neg 


1.6 


1.7 


3.1 


0.0 


- 



Table 2.29 —2% Step change in stand 1 speed actuator reference 



Variable 



Step 



Percent change in variable (steady-state) 







Stand 1 


Stand 2 


Stand 3 


Stand 4 


Stand 5 


Output thickness 


Pos 


0.46 


1.57 


1.81 


1.82 


1.85 




Neg 


-0.49 


-1.68 


-1.85 


-1.95 


-1.85 


Total roll force 


Pos 


0.35 


1.27 


1.16 


1.01 


1.30 




Neg 


-0.44 


-1.33 


-1.02 


-0.91 


-1.18 


Interstand tension 


Pos 


-27.0 


-6.9 


-3.6 


3.3 


- 




Neg 


26.6 


7.1 


3.8 


7.3 


- 



differences in annealed thicknesses, friction coefficients, hardness functions, or a 
combination of these, all of which are unavailable in [4] specifically for the three 
schedules being considered may further contribute to the discrepancies. Geddes' 
results also display discrepancies from [4] in interstand tensions and Geddes 
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Fig. 2.4 Responses to +2% step change in input thickness 
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attributes them mostly to differences in the estimates of the friction coefficients. 
However, under closed-loop control as described in Chapter 5 the interstand ten- 
sions are determined as a result of control action and are consistent with the values 
given in the production schedules, with the forward slips adjusted inherently by the 
process controller. 

The application of step changes in input thickness, annealed thickness, and input 
hardness caused changes in the steady-state magnitudes of output thicknesses 
which differ somewhat from those noted in [4, 5]. These differences are not severe 
and may be attributed to slight differences in modeling, differences in certain 
operating point values, or both, and are considered acceptable for the intended 
purposes of the model. More significantly, the directions of the changes in the 
steady-state output thicknesses are in good agreement with [4, 5], as are the 
directions in the changes in roll forces and the directions of the larger changes in 
interstand tensions. 

The application of step changes in actuator references produced steady-state 
changes in output thicknesses and total roll forces that closely matched [4] both 
in magnitude and direction. Steady-state changes in interstand tensions generally 
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Fig. 2.5 Responses to +2% step change in stand 1 position actuator reference 



conformed to [4], except where the changes in interstand tension were not large. 
These differences in smaller changes in interstand tensions are not considered 
significant. Step changes in the friction coefficients produced less significant 
changes in output thicknesses, total roll forces, and interstand tensions, and mostly 
are consistent with the results of the other two simulations. 

The magnitudes of interstand tension showed greater discrepancies with Geddes 
than with Bryant in most cases (Table 2.5). This might be attributed to the 
differences between Bryant and Geddes in the estimates of the friction coefficients, 
as noted earlier. 

In Figure 2.4 the percent change in the output thickness of stand 1 propagates 
through the downstream stands essentially without attenuation. Taking mass flow as 
constant, this is what would be expected intuitively assuming nearly constant 
forward slips, and conforms to the dynamic responses of both [4, 5]. The dynamic 
responses of the total roll forces (Figure 2.4) follow the changes in the stand output 
thicknesses. In Figure 2.4 the dynamic responses of the interstand tensions gener- 
ally agree with those given in [4, 5]. 

Thus, considering the simulation results, the simplified model developed con- 
firms reasonably well with the "benchmark" results of Bryant and also in general 
conforms to the results of Geddes and therefore is well-suited for the development 
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and basic investigation of various techniques for the control of the tandem cold 
metal rolling process. 
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Chapter 3 
Conventional Control 



3.1 Background 

The tandem rolling of cold metal strip is a complex nonlinear multivariable process 
with stringent requirements on the finished product. The goal of a tandem cold 
metal rolling process is to produce flat sheets of metal of very high quality, where 
high quality implies conformance of the end product to a desired geometry, 
including strip flatness. 1 In an ideal cold rolling application no closed-loop control 
is required. This is because the settings of the various actuators of the mill are preset 
according to a pre-calculated rolling schedule which is based on the desired 
reduction at each stand, the desired interstand tensions, and the desired strip 
flatness. The rolling schedule calculations consider the loading capabilities of the 
various mill stands plus the capabilities and limitations of the mill actuators, which 
typically are the work roll position actuators, the work roll speed actuators, and the 
actuators (such as roll bending jacks) which affect the flatness of the strip. With 
ideal mill models and actuators, and in the absence of uncertainties and distur- 
bances the rolling schedules can exactly predict the actuator settings so that open- 
loop control is sufficient to produce a high quality product. 

However, as with almost all industrial processes the tandem cold rolling process 
is far from ideal, as there are numerous uncertainties and disturbances which make 
the application of closed-loop control essential to achieving the desired quality of 
the final output, and to assuring the stability of rolling by reducing excursions in 
interstand tensions and thicknesses. In addition to the disturbances and uncertain- 
ties, the process itself is highly complex and nonlinear, there are long time delays 
involved which change considerably with the mill speed, the mill characteristics 
can change during normal operations, a wide range of product must be accommo- 
dated with the product characteristics often changing significantly during the 
processing of a single product and between different products, plus the requirement 
that the control structure must present a user-friendly environment to the 



The terms "shape" and "flatness" sometimes are used interchangeably to imply the same 
condition of the strip. For purposes of this work, this understanding is adopted herein. More 
about this is considered in Section 3.6. 
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commissioning and operating personnel and promote physical intuition in the 
design process. As easily can be seen, all of these put together create an extremely 
challenging task for the control engineer. 

To help meet this challenge, what is presented in this chapter is intended as 
background material to provide some insight into several basic concepts for the 
control of various area of the tandem cold rolling process. Certainly not every 
method of control can be addressed, and it is recognized that many of the control 
techniques presently in use go beyond the basics. However it is considered that 
what is furnished can provide a firm foundation for understanding the conventional 
methods and the more advanced concepts presented in Chapters 4 and 5, plus other 
advanced techniques developed for use in the various areas of tandem cold mill 
control. 



3.2 Disturbances and Uncertainties 

Major disturbances generally can be divided into two categories: (1) external 
disturbances, and (2) disturbances which are internal to the mill itself. Some 
major external disturbances arise mostly from the effects of previous processing 
in the hot rolling area where for example often a reheating furnace is employed to 
heat large metal slabs to a temperature suitable for further processing in a hot 
rolling mill. These disturbances are depicted in Figures 3.1 and 3.2, where the 
changes in the thickness and hardness of the incoming strip are caused by the hot 
slabs being in contact with their colder supports in the furnace, and with the higher 
frequency excursions being due to eccentricity-type effects in the hot mill rolls. 
These effects also depend on the speed of the mill as can be seen from the following 
figures for disturbances at typical values of thread speed and run speed. 

The major internal disturbances are those generated as a result of eccentricity- 
type effects in the cold mill rolls. These effects are the result of axial deviations 
between the roll barrel and the roll neck caused by irregularities in the mill rolls, in 
the roll bearings, or in both, which produce cyclic variations in the strip thickness. 
The major contributors to roll eccentricity are the backup rolls in a mill stand, with 
the work rolls being a lesser contributor. More detail regarding roll eccentricity 
effects and the means for compensating for them is presented in Section 3.5 and 
later in Chapter 5. 

The significant uncertainties also are of two types: (1) uncertainties in modeling 
and (2) uncertainties in measurement. These can result in undesirable deviations in 
the stand output thicknesses and in the interstand tensions from their values at an 
operating point, and thus an effective means of their mitigation is essential. In the 
model, there are usually significant uncertainties in: (1) the coefficient of friction of 
an individual stand, (2) the compressive yield stress (i.e. the hardness) of the strip, 
and (3) the modulus of elasticity (i.e. the mill modulus) of an individual mill stand. 

Moreover, aside from these uncertainties there also are other deviations in the 
model from the physical plant (i.e., the mill, the actuators, and the strip) which are 
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mill entry disturbances at 100% strip speed (1220m/min) 
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Fig. 3.1 External disturbances at typical run speed 

mill entry disturbances at 5% strip speed (61 m/min) 
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Table 3.1 Typical modeling p arame t e r Magnitude of percent uncertainty (%) 

uncertainties — 

H 20 

k 25 

M 10 



unavoidable since there is no model which can duplicate the plant exactly. These 
deviations however are less significant since most models (including the one 
described in Chapter 2) are verified against simulations which are generally 
accepted as "benchmarks" for model verification and against data from operating 
mills. Table 3.1 lists the individual uncertainties. 

In Table 3.1, ji represents the friction coefficient, k is the mean compressive 
yield stress, and M is the mill modulus. The percentage listed for an individual entry 
represents the uncertainty in the initial estimate plus any uncertainty occurring 
during operation which could result from effects such as temperature change, roll 
wear, variations in lubrication parameters, or other conditions which are not 
explicitly described by the model. 

The uncertainty given for fi is determined by best judgment using the data given 
in Roberts [1], considering that ft is derived empirically by evaluating the rolling 
lubricant in terms of two parameters designated as the first and second frictional 
characteristics, based on the effectiveness of the lubricant. This effectiveness 
depends on conditions such as the physical and chemical nature of the lubricant, 
the physical and chemical nature of the roll and the strip surfaces, the design of the 
mill stand, the mill speed, and the reduction. More detail related to estimation of fi 
and its uncertainty can be found in the works of Roberts and the references cited 
therein, and also in Lenard [2]. 

The uncertainty denoted for average strip compressive yield stress k is based on 
empirical data for mild steel produced on operating mills, plus estimates based on 
experience. In some instances however the estimate of uncertainty in k is even 
greater than what is shown in Table 3.1, and can depend on the material being 
processed. 

While the mill modulus M is inferred to be constant in many references, in fact it 
depends heavily on the backup roll diameter and varies as the backup roll diameter 
changes with temperature and roll wear, and also with other effects such as the strip 
width. As will be shown later in this chapter, this uncertainty is significant in that 
changes in the mill modulus can cause corresponding changes in the output 
thickness which can seriously affect the performance of the controller, and there- 
fore should not be overlooked in the development of a control strategy. A more 
thorough treatment of some of the causes of mill modulus uncertainties can be 
found in [3, 4]. 

The uncertainties in the measurement of process variables important for con- 
trol are listed in Table 3.2. The uncertainties listed are typical as derived from 
recent manufacturer's data and includes all sources of error in the measurement 
available at the controller. The uncertainty for the thickness measurement is listed 
as zero based on the assumption of a suitable calibration so that any offset caused by 
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Table 3.2 Typical Parameter Magnitude of percent 



measurement uncertainties 



uncertainty (%) 



ftoutlm(5m) ^ 

F 0.2 

T 0.2 

5 0.05 

V 0.1 

V,„, „,., 0.025 



error is eliminated and only deviations around the operating point are given. This is 
generally consistent with data presented from operating mills for this measurement. 
The listings for uncertainties in other measurements in Table 3.2 are percentages 
of measured values except for total roll force F, interstand tension force T, and 
position actuator position S which are percentages of full scale values. The listing 
for V includes the uncertainty in the work roll diameter. The listing V„ !>ouf ,,, for strip 
speeds at the input (or output) at a mill stand is based on the use of reliable high 
accuracy laser-based velocimeters. These measurements of strip speed can be used 
as inputs to the controller. More about the use of these measurements to improve 
controller performance is presented in Chapter 5. 



3.3 Other Considerations 

In addition to maintaining good performance in the presence of disturbances and 
uncertainties, which includes keeping tight tolerance in the centerline thickness at 
the mill output, the mill controller must be capable of performing other functions 
and handling other conditions encountered during normal operation. These include: 
(1) maintaining good performance during mill acceleration and deceleration, (2) 
reducing excursions in interstand thickness and tension, (3) providing for the 
operator to adjust independently the strip thickness and tension anywhere in the 
mill, (4) accommodating for continuous mills a very rapid change in product, (5) 
control of the strip flatness, (6) control during threading, and (7) provision of a 
control structure that is easy to implement for design and commissioning personnel 
who have a limited background in advanced control theory. In addition, the 
controller algorithms must be capable of running on hardware and software plat- 
forms sufficiently fast to properly control the process. 

For a stand-alone mill acceleration from thread speed to run speed and the 
reverse is a part of normal operation during coil changes. In a continuous mill, 
often the process is slowed from run speed to a speed suitable for weld transfer to 
reduce the likelihood of strip breakage during passage of the weld, and to be at a 
speed compatible for the cutting of the strip by the shear with a subsequent transfer 
of the oncoming strip to the next available coiler at the mill exit. 

Maintaining low excursions in interstand thicknesses and tensions over all 
regimes of operation is important to support the stability of rolling so that the 
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likelihood of cobbles (i.e. wrecks in the mill) is reduced. Additionally, during 
normal operations the mill operator often makes slight adjustments in the reduction 
taken at a stand to slightly shift the loading at each of the stands in the mill, and also 
may adjust individually the interstand tensions. 

In the case of continuous mills, the product can change very rapidly (in milli- 
seconds) during the passage of the weld through the roll bite. This puts severe 
requirements on the mill controller to reduce the rapid change in the roll force 
during weld passage so as to prevent damage to the work rolls. Also, the controller 
must control the change in referencing from the present strip to the next strip in a 
manner that reduces the length of off-gage material near the weld during the 
transfer, assure that during the transfer the mass flow of the material is maintained 
to support the stability of rolling, and preclude severe excursions in the strip 
tension. Additional material related to the control of continuous mills during the 
weld passage is provided in Section 3.4.6. 

Control of strip flatness will be briefly addressed in Section 3.6, and control 
during threading will be briefly addressed in Section 3.7. However, unless noted 
otherwise, the material presented herein will assume that the mill is successfully 
threaded which also implies that tension is established throughout the mill. 



3.4 Basic Conventional Concepts 

In this section, some basic conventional concepts are presented for control of the 
following variables in the tandem cold mill: the interstand tensions, the strip 
thicknesses at the outputs of the individual mill stands, and in certain cases the 
total roll force. The devices that are actuated by the controller to effect the control 
efforts are assumed to be hydraulic cylinders for the setting the roll gap positions, 
and speed controlled electric drives for setting the work roll speeds. It is assumed 
that the controller for strip thicknesses and tensions is essentially non-interacting 
with the controller for the strip flatness. This is based on experience and material 
presented in Roberts [5] which gives criteria for considering these two controllers 
as non-interacting, i.e. each controller can be treated separately. What is given in 
Roberts is derived from a study and experimentation performed by Sabatini and 
Tarokh (see [5]), and is generally consistent with current practice, although in 
certain instances the two controllers are combined into a single configuration. 

Each of the mill stands with its associated interstand tension area is a multivari- 
able system, with coupling to other stands through the interstand tension and the 
exit thickness via a time delay. The coupled stands then become an overall larger 
multivariable system with interacting variables between the individual areas, so that 
the perturbation of a variable at one location in the mill will affect other variables 
throughout the mill. The magnitude of the interactive effects will vary depending on 
the strengths of the coupling between the various variables, as some couplings are 
much stronger than others. 
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As an example of the interactions between mill variables, a change in the 
interstand tension at a specific location will be seen after an almost negligible 
time delay in other tensions, as the tension perturbation travels in the metal strip as 
the speed of sound. In the case of a perturbation in the strip thickness, a change will 
be seen almost instantly in the interstand tensions, but with the effects of the 
interstand time delays as the change in thickness moves through the downstream 
stands. This can be seen in Figure 2.4 where a step change in the input thickness 
causes an almost instantaneous change in interstand tensions throughout the mill, 
but the responses in thicknesses are delayed essentially by the interstand time 
delays. In most cases, these types of interactions between mill variables are 
exploited in determining the structure of industrial controllers. Thus the basic 
approach to conventional industrial control of this system has been to use a 
combination of single-input-single-output (SISO) control loops and single-input- 
multi-output (SIMO) control loops, with the control strategy determined based on 
the consideration of these types of interactions. Generally the conventional control 
of interstand tension and strip thickness is based on this type of approach. 



3.4.1 Non-Interactive Control 

The concept of non-interactive control was developed by Bryant and others [6] as a 
means to assure that any thickness or tension in the mill can be adjusted indepen- 
dently without significantly affecting the other thicknesses or tensions. This con- 
cept, while not applied to its fullest extent in most conventional controllers and 
relies on several unrealistic assumptions which are addressed in what follows, 
nonetheless forms the underlying basis for many of the conventional control 
approaches which are described in the literature or implemented in actual practice 
and therefore is deemed worthy of brief consideration in this chapter. 

The non-interactive control requires a process model that is linearized around an 
operating point established by the rolling schedule. The operating point is assumed 
to be an equilibrium point. Of interest in this linearization are the changes in 
specific roll force P and the forward slip/. Specifically, 

SPj = Sh m .j£i + <5/w,£ 2 + <57Vi , /e 3 + 8T u+1 e 4 , (3.1) 

dft = <5/j,„,,£5 + 8h oll ,j£ 6 + 5Ti_i it ej + 8T u+ is & , (3.2) 

SPi+\ = 8h in j +l Eg + dh ut,i+lSlO + 8T u+l £ U + <5r, +u+2 £i2, (3.3) 

5f i+ \ = <5/i,„,, + i£i3 + <5/? ,„,, +1 £ 14 + <5T M+ iei5 + <5T,- +lii - +2 ei 6 , (3.4) 

where h in is the input thickness, h out is the output thickness, T is the strip tension 
force, and i is the stand number. The coefficients St (/' = 1-16) are defined as the 
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partial derivatives evaluated at the operating point, and which are associated with 
the applicable variables, 

_ dPt _ dp t dP t dPi 

£ 1 — ^ ) £ 2 — 77, ) £3 — 7=77; , £4 — 777; J W-J) 

dhj,a oh ut,i oTi-\,i oTi,i+\ 

dfi df t df, 8f t 

dhjnj ah outti oTj-u oT u+l 

dP i+l dPj+i _ dPj+i dP i+l 

£ 9 — "H7 ; £ 10— 777 ,£11—7^7; , £12 — ™ , (3.1) 

dhin.i+x oh out ,i+i oTi.j+x dT i+u+2 

dfi+i dfi+i dfj+i dfi+i 

£l3 "~ ~xi j £ 14— 777 , £15— T77; , £16 — 77^ ■ (J -a) 

Oriinj+i Oll ol „j +l Olij+l 0*i+\,i+2 

Using (2.19) and (2.16) for the forward slip and output thickness gives 

SV out j = dVi(l +ft) + Vtdfi, and (3.9) 

WSP 

SSi = 5h 0Utii -^-^, (3.10) 

M 

where symbols are as previously defined in Chapter 2. Assuming no change in the 
strip width W across the roll gap, the steady-state mass flow relationship results in 

Vin,i"inj = Voutjhoutj- (3.11) 

Where there is a change in mass flow with constant strip width, using (3.1 1) the 
change can be represented as 

SVinjhinj + VinjShinj = 5V ou ,jh out j + V oll ,j5h ou ,j. (3.12) 

As a simple example in the application of (3.12), with 5h m ,, = and 6V ou ,j = 0, 
and applying (3.11) gives 

SV^^Vtn,^. (3.13) 

Also in steady-state conditions, 

KutA-\ = h in ,i- (3.14) 
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3.4.1.1 Control of Interstand Tension 

Using the above derived relationships, it can easily be seen that under certain 
assumptions for a change in tension ST ii+l , controlling the roll gap actuator 
positions and work roll speeds on stands i and i + 1 can tend to prevent excursions 
in the other thicknesses and tensions. This is equivalent to computing the changes in 
actuator references to achieve only the change in tension <5T, )J+ i. For this case, the 
following are applicable under steady-state conditions: 

dhmj = dh outti = 0, (3.15) 

5Vi»,i = 5V ourJ = 0,for all i, and (3.16) 

STj- L j = 0, for ally ^ / + 1. (3.17) 

Applying (3.9), (3.10), (3.15)-(3.17) into (3.1)-(3.4) results in 

dSt = -6 4 ^ l+ , (3.18) 

SS i+1 = -en M ' + , (3.19) 

dV i = -esj^—rdT iti+1 , (3.20) 

Wi+i = -eis ,, V ' + ' s dTv +u (3.21) 

which are the references for the gap actuators and work roll speed actuators for 
stands i and i + 1, with the references for all other actuators remaining unchanged. 

3.4.1.2 Control of Interstand Strip Thickness 

A similar but a slightly more complex non-interactive approach can be applied to 
develop a method for the control of interstand strip thickness. The main idea is to 
determine the actuator references needed to change the thickness at a stand output 
without changing the interstand tensions, and to keep the change in the thickness 
from propagating throughout the mill. 

An insight into this approach can be obtained by considering that (1) mass flow 
must be conserved throughout the mill, and (2) the input thickness is to remain 
unchanged throughout the mill, {i.e., 8hi„ = 0). At stand ; by conservation of mass 
flow, and with &V 0Ut j = 0, 

5V in ,, : = Vi J-^-. (3.22) 
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At the mill stands upstream of stand i, since mass flow must be conserved and the 
input thickness must remain unchanged, 

8V inJ = V inJ ^, (3.23) 

"out.i 

where (J < i) denotes the upstream stands. 

However, the output thickness at upstream stand j also must remain unchanged 
which gives 

dV m j = V m j^. (3.24) 

For the stands downstream of stand i at the time of the change in the output 
thickness at stand i, mass flow at these stands remains unchanged, which implies 
that the output thicknesses at the downstream stands remain unchanged, and the 
input and output strip speeds remain unchanged, and therefore there is no adjust- 
ment required in the roll gap position actuators or in the work roll speed actuators. 

At stand i the change in the output thickness causes changes in the specific roll 
force and the forward slip, 

5Pj = 5h 0UlJ s 2 , (3.25) 

8fi = dh outti s 6 . (3.26) 

Compensation for these changes at stand i is made by adjusting the roll gap position 
and work roll speed actuators, 

8S i = 5h ou J\-^\, (3.27) 

and 

5V; = ~8h oul j £6 (-^-\. (3.28) 

At the stands upstream of stand i the conservation of mass flow requires no 
adjustment to the roll gap position actuators, with an adjustment to the work roll 
speed actuators at the upstream stands as 



h 

"mil. i 



5Vj = V j - r ^, (3.29) 



where (J < i) denotes the upstream stands. 
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After a time delay x the change in the output thickness of stand i is seen at stand 
/ + 1 as a change in the input thickness, i.e. 

Shinj+i = dh outii e~ xs , (3.30) 

where s is the Laplace operator. In a manner similar to that for stand ;', compensation 
is provided in the roll gap position and work roll speed actuators at stand i + 1 as 

W 
5S i+ i = Sh out>i e %S S9 — , (3.31) 

SVi +i = -dh out4 e- xs 8 13 (t^~) , (3.32) 

where £ 9 and e 13 are the coefficients for stand i + 1 corresponding to h ini+ Y. At 
stands downstream from stand i + 1 a change to the work roll speed is not required. 
At stands upstream of stand i + 1 the necessary change to the work roll speed is 

8Vj = -Vj 5k ° uUie ~ X ' , (3.33) 

hin.i+\ 

where (j < i + 1 ), 

Examination of the previous structure of the non-interactive controller illustrates 
the complex interactions between the various variables in the tandem cold mill and 
provides good insight into their behavior in the presence of a tension disturbance 
and a thickness disturbance, plus illustrating the need for consideration of the 
conservation of mass flow in the various areas of the mill. However, while an 
examination of the non-interacting structure is a good exercise to become initially 
acquainted with the mill behavior, it should be recognized that several assumptions 
are made in the preceding analysis that would make this technique less than 
desirable in a practical setting. 

A major assumption is that of assuming a model that accurately represents the 
process, and thus allows the usage of an open-loop control strategy. As noted 
previously in Section 3.1, this is highly unrealistic because of the many uncertain- 
ties that change under the various conditions occurring during mill operation. 
Moreover, the analysis is based on a linearized model which adds complexity to 
the controller design, especially considering the potential need for some adjustment 
in the linearizing coefficients while rolling to assure good control performance over 
the entire range of mill operation, and with significant variations in the product 
being processed. Additionally, it is assumed unrealistically that there is ideal 
matching between similar actuators throughout the mill, that an ideal determination 
of variables such as thicknesses and forward slips is available to the controller, and 
that a system for ideally tracking changes in thickness is in place and operational. 
However, as noted previously many of the conventional control strategies use some 
of the concepts developed in the non-interactive controller as can be seen in several 
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of the control strategies described in the literature and in those that are in actual 
usage. This can be noted in the following presentation of certain approaches which 
are basic to conventional control. 



3.4.2 Interstand Tension Control 

As can be seen from the open-loop steady-state responses given for example in 
Tables 2.13 and 2.14 of Chapter 2, a small step change in the position actuator 
reference of a particular mill stand has a significant effect on the stand entry tension 
force, but a lesser effect on the exit tension of the stand. A typical basic conven- 
tional concept for the control of interstand tension force is denoted as "tension by 
gap" and is depicted schematically in Figure 3.3. 

The dynamic open-loop response in interstand tension to a +5% step change in 
the reference of the position controller for the stand 3 roll gap position actuator at 
100% speed is shown in Figure 3.4. The response is sufficiently fast to be suitable 
for tension control, so that this characteristic lends itself to controlling interstand 
tension by control of the position of the downstream roll gap. Responses at lower 
mill speeds are nearly identical. In these cases it is assumed that the stands involved 
are at or above a predetermined low speed. From zero speed up to this speed, 
generally the interstand tension is controlled by adjustment of work roll speed, with 
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Fig. 3.4 Open-loop response of interstand tension to a +5% step change in the reference of the 
postion controller of the stand 3 roll gap position actuator at 100% speed 
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a cross-over at the predetermined speed to controlling the tension by adjustment of 
the roll gap. This approach, denoted as "tension by speed/tension by gap" is a basic 
method of conventional control. This dual approach to tension control is necessary 
since the mill must be at or above a predetermined speed greater than zero to effect 
an acceptable change in the tension by a change in the roll gap setting. 

Assuming a controller based on non-interactive techniques, some additional 
characteristics of the tension by gap method that are beneficial are that (1) the 
correction to an excursion in tension caused by a deviation in thickness inherently 
tends to correct the thickness deviation, essentially irrespective of the source of the 
deviation, and (2) the tension by gap approach is user-friendly and quite easy to 
tune at commissioning. 

Another method of basic conventional control of interstand tension force is 
"tension by speed". This approach is sometimes used in applications wherein the 
roll positioning control is used for control of thickness, or for other purposes. In this 
method, the difference between the strip speed at the input to stand z + 1 and the 
strip speed at the output of stand i is adjusted by changing the speed of the work 
rolls at one of the stands. The applicable relationship for the interstand tension force 
is approximated using (2.25) as 



~r — — Tij+i = k(Vi„j + \ — V out j),Tjj + \{0) = T()jj + i, 



(3.34) 



where T is the interstand tension force between stands i and z + 1, where k is taken 
for this approximation as a constant that depends on Young's modulus, the distance 
between the centerlines of the two-stands, and the width and thickness of the strip in 
the interstand area, with other symbols as noted in (2.25). A schematic for the 
control of "tension by speed" is shown in Figure 3.5. 

The dynamic open-loop response in interstand tension to a +1% step change in 
the reference of the stand 2 work roll drive at 100% speed is shown in Figure 3.6, 
with the work roll speed of stand 3 remaining fixed at 100%. The response 
depicting the difference in the strip speed at the input to stand 3 and the strip 
speed at the output of stand 2 is also presented to show in accordance with (3.34) 
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Fig. 3.6 Open-loop response of interstand tension and strip speed difference to a +1% step 
change in the reference of the stand 2 work roll speed actuator at 100% speed 



how at steady-state these speeds must match, assuming that there is no stretching 
of the strip. As in the case of tension by gap, it can be seen that the open-loop 
tension response lends itself well for the control of tension by speed. In addition, 
the tension by speed method is user-friendly and easy to tune at commissioning. 



3.4.3 Strip Thickness Control 



There are many upon many techniques for automatically controlling the thickness 
(i.e. the gage) at the centerline of the strip as it exits the mill, and also the 
thicknesses at the exit of the intermediate stands. Of course, not every conceivable 
configuration can be evaluated. Rather than try to review a host of different specific 
configurations and then determine their strengths and weaknesses, it is preferred to 
present some basic concepts by which almost any particular approach to automatic 
thickness control (or automatic gage control, denoted as AGC) can be examined, 
and then present some applicable examples, so that the reader may get the general 
flavor of conventional automatic thickness control, and then use the previous 
material on non-interactive control plus what is presented herein to understand 
and evaluate a particular application. 

The conventional control of strip thickness generally involves a few basic 
concepts that usually are combined in some fashion to implement an overall control 
approach. In addition to the non-interactive control concepts as presented previ- 
ously these are: (1) the use of feedback, (2) the use of feedforward, (3) the control of 
mass flow, and (4) the use of BISRA measurements to infer strip thickness. 

Unless otherwise noted, in what follows it will be assumed that the basic 
conventional control strategy will be initially for a stand-alone five-stand mill 
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with a thickness gage at the exit of the first and last stands. Other configurations will 
be addressed in the examples which follow in later subsections. 



3.4.3.1 Use of Feedback 

Feedback control generally implies direct measurement of the strip centerline 
thickness by a suitable gaging method, with the measurement usually being made 
by X-ray based technology, or occasionally by isotope gages for thickness mea- 
surement of heavier strips. As noted previously, these thickness measurements 
generally are located at the exit of the first and last stand of a stand-alone mill, 
with a third additional measurement at the entry of the first stand in the case of a 
continuous mill. The number of these measurements is limited because reliable 
thickness measurement systems usually are expensive and require additional phys- 
ical space that often is unavailable between the adjacent stands of the mill, 
especially in the case of an upgrade of an existing installation where the interstand 
dimensions are often fixed by the existing locations of the stands. However, this is 
not always the case, and in several instances thickness measurements are located at 
certain intermediate stands, where provision is made for their installation at the time 
of the physical layout of the mill, or as part of the upgrade where feasible. In every 
application the thickness gage locations must be carefully and thoroughly consid- 
ered during the design phase, and confirmed by multiple simulations to address 
their usefulness in improving the controller performance. 

A difficulty with the thickness measurement is that there is an inherent time delay 
between the strip thickness as seen at the exit of a stand and the strip thickness as 
measured by the thickness gage because of the physical distance (about 1-2 m) 
between the stand and the gage. This can be significant at lower speeds as the delay 
becomes much longer than at the higher speeds; for example the thread speed may be 
about 5% of the run speed which lengthens the delay considerably. 

The thickness measurement at the exit of the first stand provides feedback to a 
control loop that uses the roll gap actuator to adjust the thickness out of this stand. 
This provides a reasonably fast correction to thickness errors at the entry end of the 
mill. At the exit end of the mill, in a basic conventional method the thickness error 
is determined by using the thickness measurement. Assuming that the strip tension 
is controlled by the "tension by gap" method, the thickness error then is fed back to 
be applied as a trim on the speeds of some of the upstream stands. An exception is 
one of the stands (often the second, third, or fourth stand in a five-stand mill) which 
is denoted as the "pivot stand" whose speed is not trimmed, and acts as the mill pace 
setter for the various regimes of operation such as speed change from thread to run 
and the reverse. However, the thickness control loop by itself is slow in responding 
to excursions from the desired thickness at the mill output as it must change the 
speeds of the work rolls over a long length of the strip before a correction can be 
fully achieved. Its usefulness therefore is mostly in removing any long-term error in 
the incoming strip from the hot mill. 
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3.4.3.2 Use of Feedforward 

The thickness measurement at the exit of the first stand is tracked through the mill from 
the thickness gage to certain of the downstream stands and applied as a feedforward 
trim on the work roll speeds, in conjunction with the feedback signals noted above 
from the thickness measurement at the mill exit. In this way incoming excursions in 
the entry thickness can be mitigated to some extent. However, a major weakness in this 
approach is that changes in the hardness of the strip are not seen in the downstream 
stands, and these changes can have an effect on the associated thicknesses. 

3.4.3.3 Control of Mass Flow 

The control of mass flow is a very important concept in the control of tandem cold 
rolling. Usually the mass flow concept is applied assuming that the strip width is 
constant throughout the mill, so that in steady-state, since the mass flow is invariant 
over the entire mill, it can be expressed anywhere in the mill as 

MF = vh, (3.35) 

where v is the strip speed and h is the thickness at a particular point of interest, 
which is usually at the input or output of a mill stand. A typical implementation is to 
attempt to hold the strip thickness constant by holding the mass flow constant at a 
particular stand and then maintaining the strip speed constant at another stand, 
which then results in almost constant thickness. As noted previously, in a typical 
conventionally controlled mill, one of the stands is chosen as a "pivot stand" whose 
speed remains untrimmed and is used as a pace setter for the remainder of the mill. 
Using the thickness measurement at the mill exit, the speeds of certain of the mill 
stands can be adjusted, and based on the constant speed of the pivot stand with 
conservation of mass flow, an exit thicknesses is produced that is approximately 
constant. However, as also noted previously this approach has the drawback of a 
long time delay to correct for excursions in thickness and therefore has limited 
usefulness to correct for faster excursions. This is especially significant during 
speed changes where faster corrections are needed to reduce undesireable excur- 
sions in thickness. 

Another and more effective use of the mass flow approach is to measure the strip 
thickness near the output of the first stand, and then track the measured thickness to 
the input of the second stand using a reliable high accuracy speed sensor for more 
accurate tracking and speed measurement. Since both the strip speed and the strip 
thickness are known at the input of the second stand, a measurement of the strip 
speed at the output of the second stand will give a good estimate of the strip thickness 
at the stand output, by using the conservation of mass flow across the roll bite to 
compute the output thickness, 

h OM ,2 = hjn^-^—kcf, (3.36) 

Vout,2 
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where k C f is a factor for minor corrections depending on conditions such as small 
changes in strip width. The estimated strip thickness then can be tracked to the next 
stand and the estimate repeated, and subsequently throughout the mill. While (3.36) 
represents a steady-state relationship across the roll bite, the error in ignoring any 
dynamics involved is very low. 

It should be noted that this method is implemented with current technology such 
as reliable high-accuracy laser speed sensors. However, these sensors require addi- 
tional maintenance which can be somewhat of a drawback which usually is justified 
based on the improved performance in control of the interstand thicknesses. 

It also is quite important to maintain constant mass flow to assure the stability of 
rolling. This is of special significance in a continuous application wherein the strip 
characteristics will change in milliseconds as the strip of an oncoming coil goes 
through the roll bite of a mill stand. More about the methods for maintaining 
constant mass flow in various areas of the continuous mill under these conditions 
will be presented later in this chapter and in Chapter 5. 

3.4.3.4 Use of BISRA (Gagemeter) Measurements 

The BISRA relationship is a mathematical relationship that has been developed by 
the British Iron and Steel Research Association (BISRA) in the early 1950s. This 
rela tionship (more often referred to as "gaugemeter" or "BISRA gaugemeter") has 
been used to estimate the thickness of the strip exiting the roll bite without requiring 
a direct measurement. Reliable direct measurement of strip thickness at the exit of 
the roll bite requires expensive and complex equipment, and therefore in general is 
not usually done, except at the exit of the first and last stands in a stand-alone mill, 
with an additional measurement at the mill entry for a continuous mill. However, 
for intermediate stands an estimate of the output thickness can be obtained by 
measuring the rolling load and using the mill stretch characteristic (Figure 3.7). 
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The mill stretch characteristic is a relationship that treats the mill as a spring 
which stretches according to the rolling load. Since most of the rolling operation 
occurs where this characteristic is nearly linear, the following linearized model of 
this relationship often is used as a suitable approximation, 



mill stretch 



F 



(3.37) 



where S is the extrapolated intercept of the linearized model on the mill stretch 
axis, F is the total roll force, and M is the mill modulus. If the mill rolls are initially 
separated by the dimension of the unloaded roll gap, then under actual operating 
conditions (i.e. strip in the roll bite), the stand output thickness h out as depicted in 
Figure 3.8 is given by 



S + S 



F 
M' 



(3.38) 



The mill stretch curve is based on a calibration that usually is performed after 
each roll change. As can be seen from Figure 3.8, there is a nearly linear region 
approximated by (3.38) and a nonlinear region, which is sometimes approximated 
by a polynomial function, or handled in the controller by other appropriate methods. 
It should be noted that the estimation of the output thickness h out is sensitive to 
uncertainties in the mill modulus M. These uncertainties can arise due to changes in 
the diameter of the backup rolls that are caused by heating and mechanical wear, 
plus other effects. For example, in the nearly linear region in a typical application an 
uncertainty of 10% in M results in an error in the estimation of h ollt of about 9% for a 
nominal strip output thickness of 1.6 mm, which can result in a corresponding error 
in a controller which uses this estimation to represent the actual strip thickness. 
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Figure 3.9 depicts the basic concept for use of the gagemeter method for control 
of the stand output thickness. In Figure 3.9 the mill stand characteristics are shown 
with the characteristics of the strip, so that the operating point denoted as A v results 
in a total roll force of F 1 and produces and output thickness of h ou ,i, with an 
unloaded roll gap of S a . Should the strip characteristic change (e.g. a change in 
hardness or in incoming thickness) so that the operating point is shifted from A ! to 
A 2 , the total roll force will shift from F x to F 2 and the output thickness will change 
from h out x to h out2 - To compensate for this change in h out , the work roll gap actuator 
can be moved equivalently to an unloaded roll gap movement of S a to Sb to regain 
the desired output thickness h out ,u with a corresponding change in total roll force 
from F 2 to F 3 , and a new operating point A 3 . Thus the motion of the hydraulic 
cylinder controlling the roll gap position is such that its final position fully com- 
pensates for the mill stretch and produces the original output thickness h outi . In this 
particular case, i.e. where there is full compensation, the gagemeter method is said 
to produce what is termed an "infinitely stiff mill. 

However, due to eccentricity-like effects in the mill rolls there can be an 
increase in the rolling load with a corresponding imprinting in the thickness of 
the strip, so that these eccentricity-like effects can get rolled into the strip 
thickness. Depending on the strip hardness, the magnitude of these imprints can 
be significant. Further, where the BISRA relationship is used to develop a thickness 
feedback signal for closed-loop control, the eccentricity-like effects will be inter- 
preted as an increase in the output thickness, when in fact the output thickness 
actually decreases, so that the thickness controller acts to move the roll gap 
position actuator in the wrong direction, with the disadvantage that the eccentricity 
effect is worsened rather than mitigated. 

To attempt to reduce some of the imprinting, full compensation is often not 
implemented, and there is a compromise between fully mitigating the effects of 
changes in output thickness due to changes in input thickness and reducing the 
imprinting of the strip due to eccentricity. In addition, to overcome the effects of 
eccentricity in the mill rolls and the disadvantages of uncertainties in M, various 
means to mitigate these effects have been developed and implemented. Some of 
these methods are addressed further in Chapter 5. 
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3.4.4 An Illustrative Tandem Cold Mill Control Structure 

Using the above described conventional methods, a basic control structure can be 
developed that illustrates the usage of these methods. The control structure is 
similar to one described in [7], and is close to what is used in certain actual 
applications as described for example in Section 3.4.5. The intent of presenting 
this structure is to give some idea at a very basic level of the manner in which many 
of the conventional approaches described previously can be implemented. Using 
this illustrative structure as a guide, it is expected that the reader can extrapolate 
some of the concepts presented to understand and evaluate other conventional and 
more advanced applications, some of which are presented as examples of typical 
installations later in this chapter and in Chapters 4 and 5. The illustrative structure is 
presented in Figure 3.10. 

As can be seen in Figure 3.10, the interstand tensions upstream of stands 
2 through 4 are controlled as tension by gap. At stand 5, the tension is controlled 
by trimming the work roll speed of this stand. The function of stand 5 in this 
configuration is to control the roll force and thus the surface finish of the end 
product. 

The control of thickness is by feedforward and feedback loops using thickness 
measurements at the mill exit and just after stand 1 . The feedback loop is a single- 
input-multi-output configuration as previously described wherein an output thick- 
ness trim on the work roll speeds of certain mill stands is computed to correct for 
thickness errors based on the measured thickness at the mill output. This is a slow- 
responding loop and is intended for long term corrections to the exit thickness, 
wherein the thickness errors of this long-term type originate in an upstream hot 
rolling process. The idea of this approach is to use mass flow techniques, so that an 
excursion in exit thickness from the desired value is seen as a change in the mass 
flow, since the speed of stand 4 is fixed. This excursion is fed back to stands 1 
through 3 as trims on their speed references. However, the speed of stand 4 is fixed 
as it is the pivot stand, and thus the thickness at the output of stand 4 must change to 
conserve the mass flow, and thus offer some correction to the error in thickness. It 
should be noted that the reduction taken by stand 5 is very low and therefore has 
little effect on the output thickness. Control of stand 5 in this manner is included in 
this example as being typical of certain installations. 

The thickness measurement just after stand 1 is used to control the thickness by 
adjusting the roll gap actuator at stand 1. However, there are excursions remaining 
in the thickness that are eventually seen at the downstream stands 2 and 3. It is 
assumed that there is an operational tracking system in place to track these 
thickness errors to these stands and change their speeds accordingly to attempt to 
offer corrections. To maintain mass flow upstream of these stands during these 
corrective speed changes, the speeds of the upstream stands must also change in 
correct proportion. Maintenance of the mass flow in the upstream stands in this 
manner is necessary as it is essential to the stability of rolling. 
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This brief analysis of a basic structure of a conventional control strategy for 
tandem cold rolling illustrates some of the previously noted ideas involved in 
conventional control techniques, and can be useful as a basis for the understanding 
of both conventional and more advanced approaches. 



3.4.5 Examples of Conventional Control 

3.4.5.1 Example 1 

Figure 3.11 depicts an example of a conventional control structure, which for ease 
of understanding is a slightly modified and simplified form of an actual application 
[8]. The control for this example is close to the illustrative example presented in 
Section 3.4.4, except with some variations at the entry of the mill plus a few other 
variations. 

As depicted in Figure 3.11, the interstand tensions upstream of stands 2 through 
4 are controlled by the "tension by gap" technique. The interstand tension upstream 
of stand 5 is controlled as "tension by speed," since the roll gap position actuator is 
used to control the surface finish of the finished product exiting the mill by 
controlling the roll force. 

The control of the thickness at the exit of stand 1 is by feedforward and feedback 
using thickness measurements at the entry and exit of the stand. The feedforward 
offers a fast correction to excursions in the incoming thickness. Variations in 
the exit thickness of stand 1 as seen by the thickness gage at the exit of this stand 
are corrected by the control loop operating on the roll gap position actuator. These 
thickness variations for example can be caused by variations in the hardness of the 
incoming material which would not be seen as thickness variations at the entry 
thickness gage, but would affect the thickness at the output of stand 1. 

The mass flow into stand 2 is controlled to attempt to keep the thickness at 
the output of stand 2 approximately constant. This done by the mass flow control 
function, which adjusts proportionally the speed of stand 1 depending on the 
thickness variation as measured by the thickness gage at the exit of stand 1, so that 
the thickness at the exit of stand 2 is held nearly constant, assuming a constant 
width of the material being processed. This is in accordance with the idea of control 
by the mass flow technique previously described, wherein if the mass flow is held 
constant and the speed of the stand is held constant, then the thickness at the exit 
of the stand will be approximately constant. 

The thickness measurement at the exit of the mill is used to correct for slowly 
varying excursions in the exit thickness, the magnitude of which could be fairly 
significant. These long-term type variations could arise from effects which change 
very slowly, such as effects caused by slow changes in the hardness of the incoming 
material, or other conditions which tend to cause a long-term drifting effect in the 
mill exit thickness. To correct for these effects feedback is provided to adjust 
the speeds of the appropriate upstream stands. While it is not shown in Figure 3.11, 
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the speeds of these upstream stands are adjusted appropriately to keep the loading 
of each of the stands within its capability so as to prevent overloading of any of 
the stands. 

Also included but not depicted in Figure 3.11 is the trimming of the strip 
thickness when there is a tension correction, and the trimming of the tension 
when there is a strip thickness correction. This reduces the excursions in thicknesses 
and tensions which contribute to the stability of rolling. 



3.4.5.2 Example 2 

Figures 3.12-3.14 depict a second example of a method based on conventional 
control principles, as applied in an actual application [9]. The mill stands in this 
example are four-high except for stand 5 which is six-high. The intermediate roll in 
the last stand is used mostly for control of strip flatness which is addressed later in 
Section 3.6. 

This example relies heavily on mass flow techniques to reduce excursions in the 
strip centerline thicknesses and interstand tensions. One of the objectives of the 
control structure is to reduce the effects of the delay from the time a change in 
thickness occurs at the exit of a mill stand until the change is seen at a downstream 
thickness sensor. This is done by using mass flow techniques to predict the thickness 
at the exit of the stand. In addition, adaptive learning methods are employed to reduce 
the error in the mass flow calculations. The estimated thickness h MFi at the output of 
stand i as determined by mass flow calculations is 

h M F,i = Ajh MF .j, (3.39) 

where 

huFA = — Am,/-i (t-t), (3.40) 

with h MF i being the output thickness at stand i prior to the application of a learning 
algorithm, and where the term A, represents the output of the learning algorithm that 
is added to improve the thickness estimate by using the inputs from the thickness 
measurements and the estimated thicknesses. The terms v, and v, _ ; are the 
measured strip speeds at the entry and exit of stand i, h mi _ i is the strip thickness 
measured upstream of stand i, x is the time delay to travel from the thickness gage to 
the stand, and t is time, with the time-dependency of h m , _ ; shown as h mi _ x (t — x). 
Exceptions are in the cases of stands 3 and 5, where there is no upstream thickness 
measurement. In these instances the thicknesses at the outputs of stands 2 and 4 as 
estimated by the mass flow computations, are used in place of the measured 
thickness signals. 

As shown in Figure 3.13 the thickness at the output of stand i is controlled by 
adjusting the roll gap. To reduce the excursions in thickness caused by excursions 
in the interstand tension, a signal representing the tension error is modified by the 



3.4 Basic Conventional Concepts 



57 




m 



o 



E 



58 



3 Conventional Control 



stand i-1 



hydraulic 
gap adjust 



stand ;' 




tension and 
thickness gains 



from mass flow 
Q- _C/ calculations 



thickness error 



^MF. i 



Fig. 3.13 Mill automatic gage control (Based on [9]) 
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gain term K tenj and then added to the thickness error signal as modified by the 
gain term K th ,- to reduce excursions in thickness caused by excursions in tension. 
Also as depicted in Figure 3.13 the interstand tension between stands i and i — 1 
is controlled by adjustment of the speed of the upstream stand i — 1. As in the 
case of the control of the thickness, a signal representing the thickness error 
similarly is modified by a gain term K th , _ 1 and then added to the tension error 
signal modified by a gain term K teni _ l to reduce excursions in tension caused by 
excursions in thickness. The addition of a tension error signal to the thickness 
error signal, and the addition of a thickness error signal to the tension error signal, 
is a conventional method of attempting to reduce the interactions between strip 
thickness and tension. This is important as the stability of rolling depends on the 
tight control of both thickness and tension not only at the mill output but also at 
the interstand areas. The control of thickness at the exit of stand 1 (Figure 3.14) is 
similar to the other stands except that it is unnecessary to include a signal 
representing the upstream tension which in this case is set by the control of the 
unwind. 

An advantage of this method is that it provides good control of thickness and 
tension (and thus mass flow) throughout the entire mill, which enhances the 
stability of rolling and leads to a final product of good quality. However, there 
are additional sensors for strip speed and thickness beyond what generally is 
used in other conventional applications, which increases the maintenance burden 
to retain an acceptable availability of the process. Nonetheless, for a particular 
installation this could be considered acceptable to achieve a significant improve- 
ment in performance. 



3.4.6 Conventional Control for Continuous Tandem Mills 

Conventional control for continuous tandem cold mills incorporates many of the 
features presented previously for the conventional control of stand-alone mills. 
The major additional considerations for control of continuous mills revolve around 
the change from the present strip being processed to the processing of the next 
strip, without stopping the mill. Several areas that require consideration when this 
change occurs (i.e. when the weld which joins the two strips moves through the 
mill) are: 

• Modifications to the controller references and settings as the weld moves 
through each mill stand 

• Reduction of out-of-tolerance strip thicknesses in the vicinity of the weld 

• Reduction of excursions in the roll force to avoid marking the work rolls 

• Maintaining the conservation of mass flow to support the stability of rolling 

• Reduction of excursions in interstand tensions 

• Tracking of the weld with low error 

• Speed reduction as needed to avoid cobbles 
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How these areas are addressed in certain conventional applications is considered in the 
material that follows. The intent of what follows is to give a flavor of some of these 
conventional approaches in response to the above. The presentation is not exhaustive as 
there are other effective methods which have been implemented successfully. Moreover, it 
should be noted that many of the methods noted in what follows also are applicable to 
stand-alone applications where a single larger coil is composed of several strips that are 
welded together, or where it is sometimes required that the reduction patterns pertaining to 
a particular coil are deliberately changed during the rolling process. 



3.4.6.1 Interfaces with Upstream Processes 

Usually in the case of steel the present strip being processed in a continuous mill is 
joined to the next strip by welding. The weld which joins the two coils of strip is 
made at the entry portion of the upstream process which is almost always a 
continuous pickling process. This process feeds the strip continuously into the 
tandem cold mill through a storage device to accommodate speed changes in the 
mill, while the speed of the upstream process remains unchanged. Usually this 
storage device is an accumulator (also denoted as a "loop car" or a "looper"), 
although in some older installations a loop of strip hanging freely over a pit is used 
as a storage device to accommodate the differences in speed between the upstream 
process and the tandem mill. The weld at the entry of the upstream process is made 
without changing the speed of the process. This is done by using another storage 
device at the entry portion of the process to accommodate the stopping of this 
portion of the processs to make the weld. 

The strip tension between the upstream process and the tandem cold mill is set 
by the accumulator, and quite often also with a bridle between the exit of the 
accumulator and the mill entry. The drive motors of the accumulator and the bridle 
are controlled to produce the desired tension in the strip. More detail describing the 
interfaces between the tandem cold mill and the upstream process is given in 
Section 1.3.2. 



3.4.6.2 Welds and Weld Tracking 

In general there are two types of welds which join the present coil to the next coil: 
These are: (1) the butt weld and (2) the laser weld. In the case of the butt weld, the 
weld is made by bringing the ends of the two strips together under pressure and 
passing a high current through the interface. In the case of the laser weld, the weld is 
made by focusing a strong laser beam that melts and evaporates the metal which 
condenses and then solidifies to join the two strips. After the joint is made, both 
the laser weld and the butt weld are prepared to produce a smooth thickness 
change to reduce the likelihood of breakage as the weld travels through the mill. 
The widths of the laser weld and the butt weld typically are about 4.0 and 8.4 mm 
respectively [10]. In the case of a thickness transition, the passage of either of these 
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welds through the roll gap results in a smooth but very steep and rapid change 
between the thickness of the present strip and the thickness of the next strip. This 
puts requirements on the method of control to reduce undesirable excursions in 
tension, and to reduce undesirable excursions in roll force which could possibly 
mark the work rolls. 

A reliable system which tracks the weld with low error in the weld position 
is essential for effective control during the weld passage. For the control 
methods described herein, it is essential that such a system is operative and 
that it updates about every 2 ms or less, which is typical for existing hardware 
and software platforms. The weld tracking system generates signals that indi- 
cate the weld position as the weld travels through the mill, and provides a 
signal to initiate any deceleration needed for the mill to be at constant weld 
passage speed just before the weld enters the first stand. In addition, as the 
weld approaches the last stand, the weld tracking system must provide a signal 
to the mill logic which subsequently sequences the shear and pinch roll and 
initiates any acceleration needed to go to run speed just after tension is 
established at the available rewind. 



3.4.6.3 Modifications to Controller References During Weld Passage 

The product being rolled and the desired mill speed determine an operating point 
for the mill. During the weld passage, the operating point is changed from the 
operating point for the present strip to the operating point for the next strip. This is 
often denoted as a "flying gauge change" and requires that the individual references 
set in the controller for the roll gap position, tension, and drive speed be changed 
accordingly as the weld approaches, passes through, and then moves away from 
the roll gap of each stand. It is desirable that these references are changed in 
a manner that reduces the length of strip near the weld that has thicknesses that 
are out-of-tolerance and reduces the excursions in tension and roll force. Further, 
and quite important, the mass flow balance must be maintained to support the 
stability of rolling. 

While there are many approaches to implementing these changes in the control- 
ler references, in general two methods are recognized for changing the references 
during the weld passage. In the first method, the strip remains in contact with the 
work rolls during the weld passage and the controller references are adjusted as the 
weld approaches, passes through, and then exits the roll gap. In the second method, 
the work rolls are raised slightly to open the roll gap to allow the weld to pass 
through without contacting the rolls, and then reclose on the strip after the weld has 
passed. The decision to use either of the two methods generally depends on how 
severe the transition from one strip to the next is anticipated to be. If the transition is 
expected to have a weld of high quality and not to have extreme changes in the strip 
characteristics such as in thickness, hardness, or width, the first method could be 
used with a resulting shorter length of strip in the vicinity of the weld that has 
thicknesses that are out-of-tolerance. Otherwise the second method would be used. 
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Typical sequences for implementing the flying gage change using both of these 
methods are described in what follows. In both cases a weld tracking system is 
assumed to be in place and operative to provide signals to the mill logic as needed 
for initiating actions based on the weld position. 



3.4.6.4 Modifications to the Position Actuator References for the First 
Method 

In the first method, as the weld approaches stand 1, a roll gap position actuator 
movement is initiated to move the actuator from a position corresponding to the 
characteristics of the present strip to a position corresponding to the characteristics 
of the next strip. At some point during the movement, the output thickness and 
roll force will change very rapidly as the weld enters and passes through the roll 
gap. To reduce the length of strip near the weld that has thicknesses that are out-of- 
tolerance, the position actuator is moved at nearly its maximum speed (typically about 
1.5 mm/s) over a path that reduces both the out-of-tolerance thicknesses and the 
changes in roll force during the transition. Such a path is one wherein the position 
actuator movement is initiated to start the transition to the next strip so that the weld 
passes through the roll gap when the actuator is at about one half of its travel. This 
allows for some margin around the half -travel point, and thus increases the likelihood 
that the weld will travel through the roll gap during the movement of the transition to 
the next strip, which thus reduces the length of strip near the weld that is out-of- 
tolerance, and reduces the excursions in rolling force that could potentially damage the 
work rolls. However, if other paths were used such that the weld went through the roll 
gap before the transition was initiated the excursions in the rolling force could be 
excessive; if a path was used such that the weld went through the roll gap after 
initiation of the transition the out-of-tolerance thicknesses could be excessive. Some 
examples of various paths and their effects on the rolling force and the out-of- 
tolerance lengths are presented in Chapter 5. 

The roll gap position actuator is switched to closed-loop position control during 
its travel, and after the completion of the travel is returned to its regular mode of 
control for the next strip, with bumpless transfers of the control modes during the 
switching. Figure 3.15 depicts the control sequencing for the actuator position 
during the weld passage. Figure 3.16 shows an example of a thickness transition 
between the present strip and the next strip, where the weld passes through the roll 
gap at about the half-travel point, with no change in hardness or width in the next 
strip or in the weld material. 

The sequencing of the position referencing applies primarily to the first stand. To 
assure that the margin around the half-travel point is retained as the weld moves 
through the remaining downstream stands, the length of the transition is not 
decreased as the weld passes through these stands, even though the associated 
position actuators might be moved at less than their maximum speeds. However 
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if the length of the weld transition cannot not be retained with a downstream 
position actuator near its maximum speed, then the length of the transition is 
increased as determined by the movement of the actuator at its maximum speed. 
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3.4.6.5 Modifications to the Speed Actuator References for the First Method 

Usually transitions between the present strip and the next strip are done when the 
mill is at a steady speed which in most instances is lower than the run speed, as 
operation at a reduced steady speed has been found by experience to have less 
likelihood of strip breakage at the weld. Also, during the transition the mill speed 
must be reduced as needed to a speed which is compatible with the cutting cap- 
abilities of the shear during the transfer to the next available rewind. Further, in 
many instances the mill speed at transition is lowered to reduce the length of strip 
near the weld that is out-of-tolerance; some mill speeds during the transition are as 
low as 5% [11], while others can be as high as 75% or more [12] depending on the 
weld quality and the severity of the mismatch in the characteristics of the present 
strip and the next strip. 

The speed actuator references are adjusted during the passage of the transition 
through the mill in accordance with the conservation of mass flow to maintain the 
stability of rolling. As the transition passes through a mill stand, it is important to 
coordinate the conservation of mass flow at both the upstream and downstream 
areas. For example, it can be recognized that during a transition in the thickness 
at a certain stand, the mass flow at the upstream stands may not be the same as 
the mass flow at the downstream stands, and that while the thickness transition is 
passing between one stand and the next, the mass flows at the two adjacent stands 
are not the same. Thus to conserve mass flow during the transition through the 
mill, it is necessary that the strip speeds at the exits of the mill stands change as 
the transition passes from stand to stand. The following example provides an 
illustration of this. 

In this example it is assumed that a five-stand mill is operating at a weld 
transfer speed of 10% of run speed (120 m/min) at the exit of stand 5, and that 
there is a 20% increase in the incoming thickness from the present strip to the 
next strip, with no change in the material hardness or width. Assuming that 
the exit speed of the mill is to remain unchanged during and after the passage 
of the transition to the new strip and that there is no change in the strip width 
during rolling, Table 3.3 lists the strip speeds v,, the strip thicknesses h h and the 
mass flows MF t at the mill entry, between mill stands, and at the mill exit using 
the conservation of mass flow. As can be seen from Table 3.3 the steady-state 
mass flow changes and is conserved at the upstream and downstream stands as the 
strip sequences through the mill. 

During the passage of the strip transition through the roll gap of stand i, the speed 
of stand i is held fixed to reduce the likelihood of weld breakage. When the strip 
transition goes through the roll gap of stand i + 1 the speed of stand /, and the 
speeds of other upstream stands, are coordinated with the changes in the roll gap 
position of stand i + 1 so that the upstream mass flows are conserved during the 
transition through stand / + 1 to support the stability of rolling. At the same time, 
the mass flows of the stands downstream of stand i retain their steady-state mass 
flow balances. 
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Table 3.3 Strip thicknesses, strip speeds, and mass 
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Dimensions of MFs are m /min, i.e., mass flow/width/minute 



3.4.6.6 Control of Interstand Tension for the First Method 

In those cases where stand i is the next stand through which the weld is to pass and 
also is controlling the interstand tension between stand i and stand i — 1 using the 
tension by gap approach, as the weld approaches stand i the control of the interstand 
tension is switched (bumplessly) to tension by speed using stand i — 1 to trim the 
strip speed. After the weld has passed through stand i, the control is switched back 
to tension by gap using stand i. Where a change in interstand tension is required for 
the next strip, the reference for interstand tension between stands i and i + 1 is 
changed slowly from the reference for the present strip to the reference for the next 
strip as the weld passes between stands i and i + 1. 

The change is initiated after the weld exits the roll bite of stand i and is 
completed before the weld enters stand i + 1. 



3.4.6.7 Control for Use of the Second Method 



As noted previously, generally the second method is used where the weld is of 
lower quality, or where the characteristics of the two strips that are joined would 
make the transition sufficiently severe that the first method cannot be used. 

Most of the approaches previously presented for the first method are also 
applicable in the case of the second method. However, unlike the control of the 
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gap position in the first method, in the control of the gap position for the second 
method the roll gap is opened and thus unloads the mill stand during the passage of 
the weld. As the weld approaches a mill stand, a movement of the roll gap position 
actuator is initiated to move the work rolls at nearly maximum speed so that they are 
slightly touching the surface of the present strip just before the weld is in the roll 
gap (i.e., the stand is essentially unloaded with the work rolls just touching the 
strip). At this point the roll gap is opened to allow the weld to pass through without 
touching the work rolls. After passage of the weld, the sequence is repeated except 
in reverse for the work rolls to just contact the surface of the next strip, and then 
move to load the stand as required by the rolling schedule for the next strip. This 
sequence is similar to what is described briefly in [12] and is depicted schematically 
in Figure 3.17. 

The interstand tensions on each side of the roll gap at stand ; must approximately 
match when the roll gap is open, so that when the gap is open the controller at stand 
i + 1 or at stand i — 1 would then control the tension on either side of stand i using 
an average (or some other combination) of the measured tensions at both sides of 
stand ;'. The references and feedback signals to each of the controllers are appro- 
priatedly modified so that one controller is the dominant or lead controller, with the 
other controller having essentially no effect. After the roll gap is reclosed onto the 
strip, the modifications to the controller references and the feedbacks are removed 
and regular control is resumed. 
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Fig. 3.17 Transition from the present strip to the next strip using the second method (Based on [12]) 
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3.5 Eccentricity Control 

As noted previously, roll eccentricity is a general term which refers to any condition 
caused by axial deviations between the roll barrel and the roll necks that results in 
irregularities in the mill rolls or the roll bearings. Some examples of these condi- 
tions are: (1) eccentricity of the backup roll journals with respect to the roll body, 
(2) out-of-roundness of the roll, and (3) non-uniformity of rollers in the roller 
bearings, plus others. These irregularities cause cyclic deviations in the strip 
thickness at the output of a mill stand. Figure 3.18 depicts the effects of eccentricity 
on the output strip thickness. 

While each of the rolls of the mill stand has some eccentricity which contributes 
to the cyclic deviation in the strip thickness, the greatest effect is from the backup 
rolls, mostly because they have a larger diameter than the other rolls. The deviation 
in strip thickness contributed by the eccentricity in the upper backup roll is not 
identical to the deviation contributed by the eccentricity in the lower backup roll, 
because the roll diameters are slightly different. This results in a beat-frequency 
type phenomenon, wherein the envelope of the higher frequency excursions in the 
roll force due to the roll eccentricity is modulated by a much lower frequency due to 
the difference in backup roll diameters. 

Depending on the hardness of the strip, eccentricity-type effects can cause 
imprinting in the strip thickness, and therefore eccentricity effects are undesirable 
and usually require some method of compensation. This is especially so in the case 
of the entry stands of the tandem cold mill where the effects of eccentricity are more 
pronounced due to heavier thicknesses. However, in certain instances, the amount 
of imprinting is negligible, especially if the hardness of the strip is significantly 
greater than the structural stiffness of the mill. In addition, the compensation for 
eccentricity can increase the wear on hydraulic components, so the decision to 
apply eccentricity compensation in a particular application needs to be carefully 
weighed. 
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Fig. 3.18 Effects of roll eccentricity on output strip thickness 
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There are many different methods for compensation of eccentricity. However, in 
general the type of compensation that is used is one wherein the backup roll angular 
position is estimated using the measurement of the position of the work roll by 
sensors (of the pulse tachometer type) used for control of the work roll drives, with 
some type of calibration to account for errors in the estimates of roll diameters and 
in changes in roll diameters due to heating and mechanical wear. Based on the 
measurement of the angular position of the backup rolls the hydraulic cylinder for 
roll gap positioning is adjusted to compensate for the eccentricity. Calibration of the 
backup roll position signal often is by an indicator on the backup rolls to recalibrate 
at each revolution of the roll. Other somewhat more advanced methods use mathe- 
matical algorithms to eliminate the indicators on the backup rolls as these devices 
are subject to higher failure rates and require considerable maintenance to retain 
their integrity. 

An example of a technique [9] of eccentricity compensation using conventional 
methods is applied to the first stand in a tandem cold mill. In this method the 
rotational angle of the backup roll is estimated using the input from the pulse 
tachometer on the work roll with a proximity switch for recalibration at each 
revolution of the backup roll to determine the backup roll angular position. The 
idea of this method is to correlate a position on the backup roll with a position on the 
strip, and then track the position on the strip to the thickness gage located just after 
the exit of the first stand. At the thickness gage the error in thickness is determined. 
Then, during the next revolution of the backup roll, when the backup roll is at the 
same angular position as when the initial error in thickness was determined, a 
correction value is given to the roll gap position controller to approximately correct 
for the initial error. 

Somewhat more advanced methods use online methods to identify how the roll 
profiles change with heating and mechanical wear and adjust the roll gap position 
controller accordingly. 



3.6 Automatic Flatness Control 

As inferred previously, the control of a tandem cold rolling process consists of two 
basic areas, i.e., (1) the control of strip thickness and tension which come under the 
heading of automatic gage control (AGC) that has been addressed in the foregoing, 
and (2) automatic flatness control (AFC) which will be considered briefly in this 
section. Generally these two areas can be considered separately as the interactions 
between them usually are less significant. In this section, this will be assumed to be 
true so that the automatic flatness control can be addressed apart from the automatic 
gage control. 

While there is no formal definition of strip flatness or strip shape, for intuitive 
purposes flatness can be understood as the ability of the strip to lie flat on a flat 
surface under the influence of only gravity. Another and somewhat more formal 
definition of flatness is the amount of difference in the internal stress across the 
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width of the material, or more specifically the geometric departure from a reference 
plane when the strip is not under tension and at ambient temperature [13]. For the 
purposes of this work, strip flatness and strip shape are considered to represent the 
same strip characteristics. 



3.6.1 Causes of and Measurement of Deviations in Strip Flatness 

It would desirable if strips processed in the hot rolling area could be of the same 
thickness across their widths and along their lengths, and also be free of any 
residual stresses that might cause distortions in their flatness. However, it is not 
practical to produce such hot-rolled product for a variety of reasons, which are as 
noted for example in Roberts [14]. When such strips are processed in a tandem 
cold rolling mill, their thickness profile must remain the same as when leaving the 
hot mill, except for some slight areas at the strip edges. If there is an attempt 
(whether intentional or unintentional) to change the thickness profile during cold 
rolling, additional residual stresses in the strip could be created which lead to 
distortions (i.e. defects) in the flatness of the strip. An example of this is non- 
uniform strain when the percentage reduction is not uniform across the width of 
the strip. This could result when, across the strip width, some lengths of the strip 
come out of the roll bite at different speeds than other lengths, with the resulting 
defects in flatness. Typical common observable patterns of such defects in the 
flatness that can be caused by residual stresses are depicted in Figure 3.19. Some 
additional observable patterns are given in Roberts [5]. 

To get some further feel of how these defects in the strip flatness can occur, it is 
helpful to consider the strip as being made up of many narrow strands along its 
length. If the internal stresses are uniform across the strip width, the strip will be flat 
in accordance with the above definition. In this case the lengths of the narrow 
strands of strip will all be of the same length. However, if the internal stresses acting 
across the strip width are sufficiently non-uniform to overcome the strip's latent 
internal forces, the narrow strands instead of being of the same length are now of 
different lengths with the resulting observed deviations in the flatness. It also can 
occur that a strip may appear to be flat visually according to the above definition; 
however there may still be non-uniform internal stresses that are hidden to an 
observer's vision, but become apparent when the strip is slit, sheared, or otherwise 
worked, to reduce the internal forces that made the strip appear to be flat prior to 
being worked, with the resulting visual distortion in the flatness after being worked. 

Figure 3.20 depicts an ideal condition related to the measurement of flatness 
wherein the strands of strip are all about the same length. Under this condition there 
is perfect flatness. However, due to the non-uniform internal stress patterns across 
the strip width, the individual lengths can change which indicates a deviation in the 
flatness. When under uniform tension force in the strip, this difference in length 
results in a variation in tension stress across the width of the strip which can be 
sensed by appropriate measuring techniques. 
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Fig. 3.19 Common strip flatness defects 
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Fig. 3.20 Flatness deviation indicated by differences in lengths of strands of strip 
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While there are different conventional approaches to the measurement of flatness 
in rolling mill applications, a device that has seen very wide and successful usage for 
many years in a great many tandem cold mill applications is the contact shapemeter 
for cold mills, which is known commercially as a Stressometer. The method used in 
this device involves the measurement of the pressure across the width of the strip by 
using a segmented deflector roll, i.e. a measuring roll. The basic idea is that each 
segment of the measuring roll includes a sensor that measures force so that the 
variation in the tension stress across the strip width can be inferred from the force 
measurements along the length of the measuring roll. 

To compute the tension stress pattern across the measuring roll the mean value of 
the measured forces is determined. Using the known values of the strip tension 
force, the strip thickness, and the strip width, a mean value of tension stress a m is 
computed as 

ff m =Jr, (3.41) 

W h 

where T is the measured strip tension force, W is the strip width and h is the strip 
thickness. The tension stress a k at each segment of the measuring roll is then 
determined as 

F k 

ffi=ff»,7r, (3.42) 

F m 

where F k is the measured force at roll segment k and F m is the mean of the measured 
forces at the roll segments influenced by the strip. The deviations in the individual 
tension stresses from the mean tension stress are computed as 

d(T k = (?k - o m , (3-43) 

where 8a k is the deviation in tension stress at roll segment k. The tension stress 
patterns across the strip width then can be translated into differences in elongations 
of the strip across the direction of rolling. 

In almost all tandem mills the Stressometer is mounted between the last stand 
and the rewind, as this is an area of the mill where sufficient space is available and 
where the strip tension is usually well-controlled as is needed for the successful 
winding of an exit coil. In addition, the cost of Stressometers is quite high which 
further precludes their multiple use in tandem cold rolling applications. 

Figure 3.21 shows a schematic of a typical measuring roll or Stressometer which 
can have 31 segments, or measuring zones, for a maximum strip width of 1,550 
mm. Measurement response times to a step change in force at the Stressometer are 
on the order of 5 ms. A visual readout derived from measurements by the Stress- 
ometer is depicted in Figure 3.22. 

Other conventional approaches to the measurement of strip flatness are in use 
and are applicable to various other applications, such as the need for measurement 
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Fig. 3.21 Schematic of Stressometer for tandem cold mills 
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Fig. 3.22 Display based on Stressometer output 

without contacting the strip. A brief summary of these other techniques is provided 
in [13, 15]. 



3.6.2 Actuators for Control of Strip Flatness 



The actuators for flatness control are associated with two types of mill stand 
configurations: (1) the six-high stand, and (2) the four-high stand. Figure 3.12 
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depicts both types of these configurations. Where the last stand in the mill is six- 
high, it is used as the dominant control for strip flatness as it can correct for a wider 
range of flatness defects than the four-high configuration, and also it is nearest to the 
flatness measuring roll; however, the other stands also are involved in the flatness 
control. For purposes of this work it will be considered that the mill configuration 
consists of four-high upstream stands with the last stand being a six-high configu- 
ration, although the concepts presented also could apply to a four-high configura- 
tion. A schematic of the six-high stand and the actuators associated with flatness 
control is shown in Figure 3.23. 

The actuator functions are as follows: 

• Roll bending puts a slight concave or convex curvature to the roll, while 
differential roll bending (work rolls only) puts a different roll bending between 
the two sides of the mill 

• Roll shifting shifts the associated rolls laterally with respect to each other 

• Roll crossing (intermediate rolls only) shifts the intermediate roll with reference 
to the work roll, resulting in a curvature of the work roll 

• Work roll cooling affects the thermal crown of the roll 

• Roll tilting (not shown) causes a difference in the roll gap opening on each side 
of the stand 

Each of the actuators has an effect on the tension stress distribution across the 
strip width. The roll bending actuators are fast responding, while the intermediate 
roll crossing actuator is much slower and therefore usually it is set initially based on 
set-up calculations and is seldom adjusted during rolling. The work roll shifting is 
set based on set-up calculations and is used mostly to control the thickness of the 
strip at its edges. It is not adjusted during rolling. Some of the actuators, such as the 
roll bending actuators, have a limited operating range and therefore are subject to 
saturation during their control movements. In cases where an actuator is saturated 
or is close to saturation, another actuator often can be adjusted slightly to avoid the 
saturation or to pull out of it. An example is the adjustment of the slower interme- 
diate roll crossing actuator to move the faster work roll bending actuators or the 
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Fig. 3.23 Schematic of six-high mill stand showing flatness-associated actuators 
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intermediate roll bending actuators away from the saturation limit. The work roll 
cooling function, which also is slow compared to the bending actuators, uses an 
array of water sprays to change the thermal crown of the work rolls. Each actuator 
has a dynamic response which must be considered in the design of the flatness 
controller. In the case of the four-high mill the actuators are those which implement 
the work roll bending, tilting, and the work roll cooling functions. 

In general the roll bending functions are used to correct flatness defects which 
are symmetric about the strip centerline, and sometimes less severe defects which 
are not symmetric. The differential roll bending is used for defects which occur near 
the edges of the strip, while the roll tilting is used to correct more severe non- 
symmetric defects in the flatness. 



3.6.3 Process Models for Control of Strip Flatness 

Mathematical models of the process that are used in the control of strip flatness fall 
into two categories: (1) models used for the initial setting of the actuators based on 
the data for the upcoming product to be processed, and (2) a model used in the 
closed-loop control during the actual rolling process. 



3.6.3.1 Models Used for Initial Set-up of the Actuators 

The initial set-ups of the actuators are an important part of the control of the strip 
flatness. The idea of these set-ups, which work in conjunction with the automatic 
flatness controller, is to deliberately roll into the strip specific transverse stress 
patterns such that after rolling the strip will exhibit the desired flatness. The desired 
traverse stress patterns are described in the form of a target function at each of the 
mill stands. The determination of this target function for each stand is essentially an 
art based on experience considering the strip thickness profile, roll profiles and wear 
behavior, thermal characteristics of the mill and strip, actuator capabilities, plus 
many other process and equipment characteristics. The measurement-based trans- 
verse stress distribution at the exit of the last stand is compared against that 
generated by the target function for the final product to produce a tension stress 
difference to be used as feedback for closed-loop control. 

Generally there are three types of models that are used to establish the initial 
settings of the actuators to come close to achieving the transverse stress patterns of 
the target functions. These are: (1) a work roll thermal crown model, (2) a roll stack 
deformation model, and (3) an internal stress model. The general functions of each 
of these models are presented briefly in what follows. More specific details related 
to model development can be found in [16, 17], the references cited therein, and in 
other associated literature. 
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The work roll thermal crown model is a dynamic estimation of the thermal 
expansion (i.e. the thermal crown) of the work rolls. This model calculates a 
temperature field and a profile of the work rolls due to thermal expansion. 

The roll stack deformation model is a static model that computes the deforma- 
tion of the rolls using the rolling force and the thermal crown as determined by 
the thermal crown model. It also estimates the pressure distribution between the 
surfaces of the rolls. 

The internal stress model is a static model that estimates the internal stresses of 
the strip resulting from the pressure distribution at the surface of the work roll that is 
in contact with the strip using the roll deformations as determined by the roll stack 
deformation model. A profile of the strip also can be generated by this model. 
Additionally, the profile includes an estimate of the thickness change near the strip 
edges for correction by the controller as needed. 



3.6.3.2 Model Used During Closed-loop Control 

The above models are highly complex and their use for closed-loop control during 
rolling would require that the controller have computational capabilities that are 
beyond what is presently available in conventional industrial hardware and soft- 
ware platforms. Therefore the model that is used is a simplified and linearized 
version of the more complex models. The model is applicable at a specific operating 
point for the present coil and is recomputed for each new coil at its new operating 
point. The model is in the form of a matrix which maps the position of each actuator 
to the tension stresses at the exit of the last mill stand under steady-state conditions. 
For this linearized model, the principle of superposition is assumed to be applicable 
so that the tension stresses at a particular portion of the strip at the exit of the last 
mill stand are taken to result from the sum of the stresses caused by the effects of the 
individual actuators on that portion of the strip. 

For example for an actuator j at a particular stand the effect on the tension 
stresses can be represented as a column vector da e R m , where m is the number of 
tension stresses measured at the Stressometer, and the change in the individual 
stresses is represented as 

[8e 1 8o 2 ...5o m ]' = Qj5Ab ( 3 - 44 ) 

where 5a k is the change in the tension stress at a position across the strip width 
at the exit of the last mill stand that corresponds to zone k of the Stressometer, SAj 
is the change in the position of actuator Aj, Qj £ R m is a column vector that maps 
the change in the position of Aj to da, and ' indicates the transpose of a vector or 
matrix/ Assuming that there are n actuators in the entire mill, then the relationship 
that maps the steady-state change in the stresses to the changes in the actuators is 

[daida 2 ...dc m \=QdA, (3.45) 
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where Q £ R mx " is a matrix that is a collection ofn column vectors for the n actuators, 
and 3 A <G /?"is a vector representing the changes in the actuators in the entire mill. The 
matrix Q is static, i.e. its elements do not change during the rolling of a coil. 

The dynamics of the process include speed-dependent time delays of the form 
(T x um s where t, ;+1 is the delay time for a section of the strip to move between mill 
stands i and i + 1, which is used for tracking purposes. In addition, an expression 
G(s) for the movement of a section of the strip from the exit of the roll bite of the 
last stand to the Stressometer is 

G( ^dT^' a46) 

where x x is the speed-dependent time delay from the exit of the last stand to the 
Stressometer, and t 2 is a speed-dependent time constant. The time constant t 2 arises 
from St. Venant's principle [6] which accounts for the exponential decay toward 
zero of the stresses in the strip between the exit of the roll bite and the coiler, so that 
there is some decay of the stresses between the exit of the stand and the Stressometer. 
The speed-dependent time delays x, X\, and t 2 are all of the form distance/strip speed. 
The dynamics of the faster acting actuators are taken to a first approximation to be 
single first order lags with a time constant on the order of 100 ms. The response to a 
step change in each of the forces measured at the Stressometer is as noted previously. 
In what follows in Section 3.6.4, appropriate portions of the model are used as 
needed to make the necessary predictions to compute the changes in settings of 
certain actuators that are adjusted during actual rolling. 



3.6.4 Flatness Controller 

While there are different approaches for flatness control a concept that depicts some 
of the ideas of a basic approach, somewhat similar to [18], is presented in what 
follows. In this method of control it is assumed for generality that certain actuators 
of more than one stand can be utilized during actual rolling to correct for the defects 
in flatness. In many instances only actuators of the last stand are utilized during 
rolling as this stand is nearest the Stressometer and has a more immediate effect on 
the flatness; however in other applications certain actuators of some of the remain- 
ing stands also may be used in an automatic mode of control. In this method for the 
control of flatness, the references for actuators used during rolling at a given stand 
/ are determined as depicted in the block diagram of Figure 3.24. The block diagram 
is a simplified representation to briefly highlight the salient features of this method. 
This method assumes that the actuators for each stand have been initially set to 
positions determined by the desired target function. 

The idea of the technique depicted in Figure 3.24 is to adjust the actuator 
references for stand i for a certain length of strip, denoted as length L, as it 
progresses through the mill, and then repeat the process for succeeding lengths of 
strip that pass through stand i. The steps in this method are as follows: 
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Fig. 3.24 Simplified block diagram of a controller for actuators for stand i 



• The effects on the length L of strip when it had passed through the roll gaps of 
stand 1 to stand i - 1 are determined using the model and the memorized settings 
of the actuators of these upstream stands 

• Similarly, the predicted effects on length L of the strip when it will pass through the roll 
gaps of stand / + 1 to stand n, where n is the last stand, are determined using the model 
and the predicted settings of the actuators for these downstream stands. These predicted 
settings are the settings of the actuators of the previous length of strip (i.e. length L- 1) 
that had passed through these downstream stands. Where the length L - 1 had not yet 
passed through a downstream stand, the settings for length L - 2 are used for that stand. 
Where length L-2 had not yet passed through a downsteam stand, length L - 3 is used, 
and similarly for length L - 3 and previous lengths as applicable 

• Using the above, the model, the desired target profile determined from the target 
function, and the actual profile as determined from Stressometer measurements, 
the estimated effects on the profile at the mill exit are determined, and the 
necessary changes to the actuator references are computed for the length L of 
strip at stand i using an appropriate optimization routine. The computed changes 
to the references then are applied to the actuators for stand i 

• The above are repeated for lengths of strip L + 1 and succeeding lengths that 
pass through stand i 

• Where stand i is the last stand, the prediction of the effect of the downstream 
stands is not used. Where stand ; is the first stand, the estimate of the effect of the 
upstream stands is not used 

It should be noted that in the above description only the roll bending actuators are 
utilized for making immediate corrections as these are fast responding, although the 
slower intermediate roll crossing actuator on the final stand can be used as needed to 
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preclude the saturation of the roll bending actuators. The work roll cooling sprays are 
used to make slower adjustments to the thermal crown of the rolls. 

Additional material relating to various other methods of automatic flatness 
control can be found in [19-21] and the references cited therein. 



3.7 Threading of the Mill 

The threading of the mill is a highly important function, particularly in the case of a 
stand-alone configuration wherein the mill must be successfully threaded to allow 
the processing of each coil. Therefore some of the basics with respect to the 
threading and control of the mill are presented in this section, with the aim of 
highlighting the significant aspects of threading and its control. As a prelude to the 
presentation of threading, some related definitions are appropriate. These are: (1) 
bite, (2) stick, and (3) thread. The examples which follow are for the first three 
stands and are similarly applicable to the remaining stands of the mill. 

• Bite is a phase of the threading operation which begins when the strip is moving 
with its head end just about to enter the roll bite of stand 1, and ends when the 
head end of the strip is completely inserted into and just past the work rolls so 
that entry tension and roll force are established at stand 1 . The head end of the 
strip just starts to travel toward stand 2, but is not yet inserted into stand 2. 
Figure 3.25 depicts the bite phase at mill stand 1. During this phase of threading 
the strip in stand 1 is being rolled with only entry tension. 

• Stick is the next phase after bite. The stick phase starts when the head end of the 
moving strip is just past stand 1, entry tension and roll force are established at 
stand 1, and the head end of the strip is moving toward stand 2. The stick phase 
for stand 1 ends when the head end of the strip is just past stand 2 and interstand 
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T denotes tension established in area indicated 
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Fig. 3.25 Mill stand 1 in bite phase 
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tension is established between stands 1 and 2. At this point stand 2 now is in the 
bite phase. Figure 3.26 depicts stand 1 in the stick phase and stand 2 in the bite 
phase. In the case of the last stand in the mill, the stick phase for that stand is 
concluded when exit tension is established at the rewind. 
The thread phase for stand 1 begins when the head end of the strip is just out of 
stand 2 and moving toward stand 3, with tension established at the entry to stand 
1 and interstand tension established between stands 1 and 2. In this phase the 
closed-loop controllers for strip thickness, mill entry tension, and interstand 
tension between stands 1 and 2 are enabled and operational. Stand 1 remains 
in the thread phase until tension is established at the rewind and the acceleration 
of the mill to run speed is initiated. Figure 3.27 depicts stand 1 in the thread 
phase, stand 2 in the stick phase and stand 3 in the bite phase. 



3.7.1 Theading Speeds 

In the usual and preferred method of threading, each of the mill stands bites at a 
speed which produces approximately the same steady- state speed at the output of 
the stand. This requires that the work roll peripheral steady-state speeds be suitably 
adjusted as the head end of the strip sequences through the mill, which is necessary 
to maintain the conservation of mass flow to assure the stability of rolling during 
threading. In addition, this method of threading is friendlier to operational and 
commissioning personnel, as the head end strip speeds remain essentially 
unchanged as the head end moves from stand to stand. 
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Fig. 3.26 Mill stand 1 in stick phase, mill stand 2 in bite phase 
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Fig. 3.27 Mill stand 1 in thread phase, mill stand 2 in stick phase, mill stand 3 in bite phase 
Table 3.4 Work roll peripheral steady-state speeds during threading 



Stand in bite phase 


Work roll 
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28.7 l 
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22.2 
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3. 


17.4 




23.6 
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4. 


13.8 




18.7 


23.5 


29.4 


- 


5. 


12.9 




17.5 


22.0 


27.6 


29.9 



As an example, if the desired thread speed at the exit of the last stand of a five 
stand mill is 30 m/min, the steady-state peripheral speed of the work rolls for a 
certain application is about 29.9 m/min considering the forward slip and the 
reduction of stand 5. Taking into account the forward slips, the reduction patterns 
of the mill stands and with constant strip width, a steady-state speed reference for 
each of the stands can be estimated as shown in Table 3.4, which is based on 
Production Schedule 2 of Table 2.2. The steady-state speed reference given in 
Table 3.4 is increased slightly to account for the drop in speed (often denoted as 
"impact drop") as the head end of the strip enters the mill stand, and is subsequently 
reduced to the value shown as the head end of the strip goes through the roll bite. 
This is done to keep from throwing a loop upstream of the stand as discussed further 
in Section 3.7.2. 

In Table 3.4 it is assumed that the tail of the previous strip has left the mill and 
therefore the downstream speeds are not shown. During the stick phase of stand ;', 
the speeds of stands 1 to i are reduced to the listed speeds corresponding to the bite 
phase of stand i + 1 , with a lead speed at only stand i + 1 to account for the drop in 
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speed as the head of the strip enters stand / + 1. The forward slips assumed in 
Table 3.4 for each of the stands are 0.044, 0.021, 0.017, 0.019, and 0.004 for stand 1 
through stand 5 respectively. 



3.7.2 Control During Theading 

A significant objective of the control during threading is to reduce the length of strip 
whose thickness is out-of-tolerance. The idea of various conventional methods is to 
enable a thickness control function as soon as interstand tension is established 
between two adjacent mill stands and thus reduce the length of strip whose 
thickness is not within acceptable limits. Generally it is common practice for 
thickness measurements to be located at the exit of stand 1 and at the exit of the 
last stand in the mill which is taken to be stand 5. The thickness measurement at the 
exit of stand 1 is used to provide feedback to a thickness controller which adjusts 
the work roll gap actuator of stand 1 . This is assumed in the following description of 
the sequence of events for the control of strip thickness and tension as the strip is 
threaded through the mill. 

• The strip is introduced into stand 1 so that stand 1 is in the bite phase and then in 
the stick phase as strip moves toward stand 2. The strip then enters stand 2 which 
is first in the bite phase and then in the stick phase. 

• When stand 2 enters the stick phase, the controller for control of thickness at the 
exit of stand 1 is activated, and the control of interstand tension by speed control 
of the work rolls of either stand 1 or stand 2 is enabled. 

• When stand 3 enters the bite phase, the thickness out of stand 2 is controlled, and 
the control of interstand tension between stands 1 and 2 is switched to control by 
adjustment of the roll gap of stand 2. Any feedforward control of thickness also 
is activated. Control is enabled to adjust the interstand tension between stands 
2 and 3 by adjusting the speed of stand 2 or stand 3. 

• A similar sequence continues as the head of the strip moves through the mill 
until the strip is threaded onto the rewind and tension is established between the 
rewind and stand 5. The thickness controller, using feedback from the thickness 
measurement at the mill exit, then is activated to control thickness. The method 
of exit thickness control will depend on the processing requirements of the 
particular installation. 

• The control of interstand tension between stands 4 and 5 likewise will depend on 
the particular processing requirements, e.g. tension control in this area may be by 
speed where it is desired that the last stand is controlled to produce constant roll 
force for setting a particular surface quality of the exiting strip (e.g. Figure 3.10). 

As previously noted it is common practice to add a slight lead speed to the mill 
stand in the bite phase to approximately compensate for the impact drop in the work 
roll peripheral speed during the bite, so that when the strip enters the stand the work 
roll speed is close to the desired speed. The biting of the stand causes a nearly step 
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disturbance in the load torque of the work roll speed controller, which results in a 
rapid decrease in the work roll speed. The lead speed provides some compensation 
during the impact drop and the subsequent recovery from the disturbance by the 
speed controller. 



3.8 Concluding Comments 

This chapter presented several concepts for control of the various areas of the 
tandem cold rolling process. In general the concepts presented are typical of basic 
conventional methods for control of the mill. While additional emphasis is placed 
on the automatic control of thickness and tension, other areas such as the control 
of flatness and threading are not neglected to provide a more complete picture 
of conventional mill control. While more detail relating to each of the con- 
cepts presented is available in the cited references and other pertinent literature, 
it is considered that what is presented forms a useful basic background for under- 
standing other conventional concepts and the advanced techniques presented in 
Chapters 4 and 5. 
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Chapter 4 
Advanced Control 



4.1 The Need for Advanced Control 

The conventional methods for control of the tandem cold metal rolling process 
generally have proved to be quite successful in producing a product of reasonably 
good quality. The structure of almost all of the conventional varieties of controllers 
is usually based on single-input-single-output (SISO) proportional-integral (PI) type 
control loops which are relatively easy to tune and are user-friendly to design and 
commissioning personnel, most of whom have limited backgrounds in advanced 
control theory. In addition, this type of controller structure can be configured to 
allow controller parameters to be scheduled easily as a function of the mill speed and 
to deal with the effects of the varying and significant time delays caused by the travel 
of the strip between the individual mill stands, plus providing a simple means of 
adjustment to handle changes in the characteristics of the product being processed. 
All of these features are desirable as they have contributed strongly toward keeping 
the design and commissioning efforts at reduced levels with the resulting ultimate 
savings in engineering and production costs. 

However, the SISO-type structure of the many conventional methods in use 
has resulted in major limitations in their ability to improve performance resulting 
from their inherent limited capability to deal fully with the dynamic interactions 
of the various process variables, plus the necessity to improve robustness to 
parameter uncertainties and to internal and external disturbances. Since a highly 
competitive market keeps increasing its demands for a product with tighter 
tolerances and other improvements in quality, the need arises to go beyond the 
limits of the SISO-based design to consider other alternatives such as multi- 
input-multi-output (MIMO)-based systems as a possible means for product qual- 
ity improvement, and yet retain many of the desirable features of the conven- 
tional methods such as user-friendliness and the simplicity of design and 
implementation. 

In response to this need, several methods of advanced MIMIO control have been 
proposed and simulated in academia, and some have been implemented in 
operating installations. In this chapter, we examine two of these methods and 
compare them to conventional techniques. In addition, Chapter 5 presents a third 
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technique that offers an excellent potential for improvement in performance and 
compares the performance and the suitability for usage in actual practice using this 
technique to conventional methods. Of course not every MIMO method simulated 
or transformed into actual operation can be addressed. Nevertheless, the methods 
considered are those that are based on reasonably well-established techniques, 
have been actually applied or investigated by simulation, and are documented and 
widely referenced in the literature. The techniques that are examined in this chapter 
are: (1) a method using an H°° loop shaping approach, and (2) an observer-based 
method for a MIMO controller. 



4.2 Linearization of the Process Model 

As most of the MIMIO advanced techniques for control of the tandem cold rolling 
process are based on the use of a linearized model in state-space form, a prerequisite 
for consideration of these techniques is the development of such a model. The 
nonlinear model that will be used as a basis for consideration of the process of 
linearization will be the model presented in Chapter 2. By developing a linearized 
form of this model at a particular operating point of the nonlinear system, a process 
model in linear state-space form then can be realized for control system research 
and development. In the development of the linearized model, it is assumed that the 
operating point of the nonlinear system is an equilibrium point of the system so that 
deviations from the operating point result only from control actions or process 
disturbances. The material in this section is intended to give some feel for the 
linearization process. 

The following equations which are taken or developed from material in Chapter 2 are 
the basis for describing the tandem cold rolling process. These relationships are those for 
specific roll force P t (4.1), specific roll torque G, (4.2), strip thickness at the stand output 
houtj (4-3), interstand tension stress cr, , +1 (4.4), strip speed at the stand output V outi (4.5), 
the forward slip f t (4.6), the mass flow across the roll gap MF t (4.7), the stand input 
thickness h ini+x (4.8), and the stand input hardness k ilhi+x (4.9), where the subscript 
i indicates the stand number, with stand i or stands i and £+1 to be understood 
appropriately where no symbol is specifically noted, with other symbols representing 
the variables or parameters as denoted in Chapter 2, and with the assumption in (4.7) of 
constant strip width across the roll gap. Additionally, it is assumed the strip tensions at 
the mill entry and exit are held constant by the coiler controllers. The specific algebraic 
expressions for (4.1), (4.2), and (4.6) are as presented in Chapter 2. 

Pi = Pi (h a , hj„ , h oM , Gin , Gout ,&,;"), (4.1) 

G, = G,- (h a , h in , h out , (T in , ^oui ,k,n), (4.2) 

PW 

h ou ,,i = S + S + — , (4.3) 
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d((j u+ i) . E(V in , i+ i - Voutj) ,„, .... 

,, = c/,/+i = — ; , ff/,/+i (0) = ffo././+t , (4.4) 

Vouu = V(l +/), (4.5) 

fi =fi(h a , h n , h our , a ^ (T ou t, k, fl), (4.6) 

MF t = V in hi n = V ou ,h ou „ (4.7) 

hinj+\{t) = h ou ,j(t - T rf ,,',/+i ), (4.8) 

kinj+\{t) = hut A 1 - X d,i,i+l), (4.9) 

A linearized system of equations approximates small excursions around the 
operating point. For small perturbations in the various variables denoted in (4.1), 
small changes in the specific roll force are approximated as a linear relationship 
(4.10), 



SPi = CpijSh a + £p2jSh in j + £p3jSh mllJ + £p4jdOi„j 
+ ^P5.Moui,i + £,P6,Mi + %P7,i<>Hi 



(4.10) 



where 



_ dPt ^ dPi _ dPt ^ dP t 

QPU — ^TT ' *P2,i ~ oi ' £P3,i ~ ni ' ^4,i — q > (4.1 la) 

dh a dhint oh ut,i *,«,; 

and 

dPj dPj dPj 

6>5,; = o — — > 6>6,i = -^=- , S,pij = ■^- L , (4. 1 lb) 

O(T ut.i okj du u<i 

and with the partial derivatives (i.e. the linearizing coefficients) evaluated at the 
operating point and determined by suitable methods as are available for their 
computation. 

Similarly, small perturbations in the specific roll torque (4.2) and the forward 
slip (4.6) can be approximated respectively as in (4.12) and (4.14), 



where 



, dG, _ dGt _ dGi _ 3d 

*Gi,i — 75>7~ I Cg2,/ — ^ — j Cc3,i — 757 j Cg4./ — q j (4.1.5a) 

dh a dhjn.i ahouti da in ; 
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and 



t - 9Gi % - dGi P _ dGi I A 1 CSK\ 

agouti aki du u j 






(4.14) 



where 



? - dfl '■ t - dfi f - dfi F - 9fi U 1 1* t 

""a Wjn.i un out,i ua in,i 

and 

UU ou jj UKi VUuj 

The time delay %d,a+\ in (4.8) and (4.9) that is related to the travel of the strip 
thickness and the compressive yield stress (hardness) between stands i and i + 1 is 
sometimes approximated by the well-known standard Pade approximation [1] or by 
a series of first order lags [2]. In either of these instances, a disadvantage is that 
additional states are added to the state-space realization for the approximation. 
However an additional disadvantage of the standard Pade approximation is the 
initial jump to full output. Other methods, such as a modification to the standard 
Pade approximation [3] by reducing the order of the numerator, or more advanced 
methods such as those described in [4] and its references also can be considered as 
possible alternatives. Where modeling and simulation is done using software 
packages such as MATLABXSimulink, ' functions available in these packages can 
be used effectively for simulation of time delays whose length varies with process 
conditions. In the standard fourth order Pade approximation the time delay function 
is approximated as 

e _ xds ^ 1680 - 840K,) + \W{sx d f - 20(st,) 3 + (sx d ) 4 
1680 + 840(.vt rf ) + \m(si d ) 2 + 20(sT d f + (st d ) 4 ' 

A modified version of this standard Pade estimate is obtained by reducing the 
order of the numerator 

e -, ds ^ 840-360(^)+60(.vt,) 2 -(^) 3 

840 + 480(^T rf ) + 120(^) 2 + 16(sT d ) 3 + (sx d ) A ' 



MATLAB and Simulink are registered trademarks of The MathWorks, Inc., Natick, MA 
01760-2098. 
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The approximation using a series of four first order lags has the form 

1 



n —xds 



\n 



i 



(4.18) 



where n = 4 for a fourth order approximation. Figure 4. 1 displays a comparison of 
the responses using the above three methods for a unity step input. 

While the time delay for excursions in the strip thickness or hardness is signifi- 
cant for travel between adjacent stands, it should be noted that the time delay for an 
excursion in the tension to travel between adjacent stands is negligible as the 
tension travels through the strip as the speed of sound. 

The result of the linearization of the model is a set of linear ordinary differential 
equations with constant coefficients that describe the system at the operating point, 
and which can be put into a linear state space form of a state equation (4.19) and an 
output Equation (4.20), 



dx 
dt 



Ax + Bu, x(0) = xq. 



y = Cx + Du, 



(4.19) 



(4.20) 



step responses of 4th order time delay approximations 




1.5 
time (seconds) 

Fig. 4.1 Comparison of responses of time delay approximations 
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where x <G R" is the state vector whose elements represent the individual state 
variables, y G R p is a vector whose elements represent the individual output vari- 
ables, u e R"' is a vector whose elements represent the individual control variables, 
and A e R" x ", B e R" xm , C e R pxn and D e R pxm are coefficient matrices whose 
elements are constants that are determined by the linearized equations describing 
the process. Equations 4.19 and 4.20 can be expanded to include disturbances and 
uncertainties as needed for analysis of a particular application. It should be noted 
that the elements of the coefficient matrices, while described above as constants, 
also could be explicit functions of time and still satisfy the requirements for 
linearity. More detail related to these requirements can be found in textbooks on 
linear systems analysis {e.g., [5]). However, if these matrices are modeled as 
functions of the states, the system might no longer be linear. This will be addressed 
later in Chapter 5. 

As an example to provide more insight into the linearization process, a simple 
linearized model will be developed for a three stand tandem cold mill at a specific 
operating point. The mill as depicted in Figure 4.2 can be described by the nonlinear 
model consisting of Equations 4.1^4.9, except with the understanding that the 
variables represent small changes from the operating point rather than actual 
values, so that the <5s will be omitted from the equations. 

The initial objective is to develop linear differential equations which then can be 
converted into linear state-space form. For purposes of illustration in this simplified 
example, only one disturbance will be considered which is a variation in the 
incoming thickness. It also will be assumed for simplicity that variations in the 
annealed thickness h a , the average compressive yield stress (i.e., the average 
material hardness) k, and the friction coefficient fi all are zero, that variations in 
the roll torque G can be neglected, and that there are zero uncertainties in modeling 
and measurement. 

From (4.11a), (4.11b), (4.15a), and (4.15b), 

Pi = QP2jhin,i + QP3,ihout,i + ^PA.i a in,i + ^PSJ^outj, (4.21) 



roll gap position 
controller 

hydraulic 
n-^ gap adjust 
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fi = Zfljhin.i + £f3,ihout,i + C/4,i'°m,i + Qf5,i ff out,i> (4.22) 

Equations 4.21 and 4.22 can be combined algebraically with (4.3)-(4.7) to give 
expressions for the variations in the interstand tensions as 

^ ff 12 _ - , r , r t , r i 

—j— = On = ClCl2 + C2C23 + 43«ml + U«i«2 + 

at 

C 5 Si + C 6 S 2 + C7V1 + UV 2 , (7i 2 (0) = (712,0, (4.23) 

fif<7 23 _ 

= (723 = 

C14S3 + C15V2 + Cl6^3, (723(0) = (7 23 ,0, (4.24) 



— (723 = C9°12 + Cl0(723 + Cll^/«2 + Cl2^/n3 + C13S2- 

dt 



where the £s are derived by algebraic manipulation using the £s, the system para- 
meters, and the steady-state values of the various variables at the operating point. 

The closed-loop controllers for the roll gap positions and the work roll peripheral 
speeds are modeled as single first order lags, 

§ = S, = Us L- S ±, Sl (0) = Sm (4.25) 

dt t s x s 

d ^S 2 = Us2 - S ^,S 2 (0)=S 20 , (4.26) 

at T5 t.5 

§ = 53=^-^,53(0)=^ (4.27) 

dt T.5 T.5 

(4.28) 
(4.29) 



(4.30) 



where S, V, x$, Xy, are respectively the roll gap actuator position, the work roll 
peripheral speed, the roll gap position controller time constant, the work roll speed 
controller time constant, and U represents a reference variable. 

For simplicity in this example, the interstand time delay t 12 between stand 1 and 
stand 2 is approximated as four first order lags in accordance with (4.18) as 

^r= <?i=i 1 — , <?i(°) = <?io, (4.31) 

dt pn jT 12 



dVi 

~dT 


= Vi ■- 


_Uvi 

TV 
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dV 2 

dt 


= v 2 -- 


_UV2_ 
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dq 2 . q\ q 2 
at |Ti2 3T12 



qi=\ 1 — , qi{0) = qio, (4.32) 



dqs _ . qi <?3 (n , ,, ,,,, 

-jr = ( fc=l 1 — > #3(0) = <?30, (4.33) 

at p i2 jtu 

dh ira _ . <?3 ha , , . , 

— 1— = qiunl = 1 1 , hj„ 2 (0) = hi„20, (4.34) 

at flu ±Ti 2 

The interstand time delay between stands 2 and 3 is approximated similarly as 

dr\ . h out2 n ,_.. ,. „. 

— - = ri= 1 , — , n(0)=ri , (4.35) 

* |T 2 3 jT 23 

^ = '''2 = A ~ F^ . '-2(°) = ''20, (4-36) 

<# 5?23 3T23 

-77 = ''3 = 1 1 — , '"3(0) = r 30 , (4.37) 

<# ^23 |T 23 



^in3 / '"3 _ hrii 

<# 5T23 |T23 



:. = r— - t— , h in3 (0) = /7,„3o , (4.38) 



where g, and r, are variables related to the approximation of the time delay and do 
not represent any physical entities. 

Similarly for the outputs, algebraic manipulation produces /?s for use in Equa- 
tions 4.39^1.44 for the specific roll forces and the output thickness, 

Pi = Pih inA + p 2 Si + fan, (4.39) 

Pi = fahu# + fa 2 + fan + fa 2 3, (4.40) 

Pi=fai„3+fa3+P^23, (4.41) 

Kuui = jS n /i,„,i + ji l2 Si + Puffn, (4.42) 

Km,2 = Pu h in.2 + P15S2 + he a n + Pn<?23, (4.43) 

h ou ,,i = Pigh in>3 + P l9 S 3 + P 2Q a 2i . (4.44) 

The 16 linear differential equations (4.23)-(4.38) and six output equations 
(4.39)— (4.44) can be put into linear state-space form 

dx 

— = x = Ax + Bu + D in d, x(0) = xo, (4.45) 
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y = Cx + D out d, 



(4.46) 



where i£ R 16 , AeR 16x16 , BeR l6x6 , y&R*,u£R 6 , CeR* x16 , D,„ eR 16 , D oul eR s 
and for this example the disturbance d = /?„,[ is a scalar. The variables represented 
by the elements of the state, output and control vectors are listed Table 4. 1 . 

The elements of matrices A, B, C, are as shown in Tables 4.2-4.4. Unlisted 
elements are zero. The elements of D in and D lmt are zero except for element A'«,i,i 
which is 4 3 and D out i\ which is fi l . 



Table 4.1 State, control, and output vector variable assignments 



State vector 




Control vector 


Output vector 


X\(<J\ 2 ) 


x 9 (qi) 


Ui(U sl ) 


yi(Pi) 


%W 


xio(qi) 


u 2 (U S2 ) 


y 2 (P 2 ) 


X 3 (S t ) 


Xn(q-i) 


u 3 (U S3 ) 


y 3 (P 3 ) 


x 4 (S 2 ) 


X\ 2 {h in2 ) 


u 4 (U vl ) 


y4<^i2> 


x 5 (S 3 ) 


X\ 3 (n) 


U5<U V 2> 


ys((r 23 ) 


*6(V0 


Xu(r 2 ) 


u 6 (U V3 ) 


y(,{h„ M .\) 


x 7 (V 2 ) 


Xis(r 3 ) 




yiiKutp) 


x s (V 3 ) 


Xidhu}) 




ys(koul, 3 ) 



Table 4.2 Elements of matrix A 



A M =Ci 


^2,8 = Cl6 


A 9 , 8 = 0.25/t 12 


M? = Ci 


A 2 ,l 2 = Cll 


Aio,9 = 0.25/t 12 


A 1,3 = C 5 


A 2 ,16 = Cl2 


A 1U0 = 0.25/t 12 


Ai, 4 = U 


A 3i3 = -1/t 5 


A 12 ,„ =0.25/ti2 


Al,6 = Cv 


A 4j4 = -1/t 5 


Ai3,i 3 = -0.25/t 23 


Al,7 = Cs 


A 5 ,5 = -lAs 


A 14-14 = -0.25/t 23 


M,n = U 


^6,6 = -1/ T V 


A 15 , 15 = -0.25/t 23 


M,i = Cg 


A 7i7 = -1/t v 


Ai6,i6 = -0.25/t 23 


M,2 = ClO 


A 8 ,8 = -1/ T l' 


Ai3,i2 = 0.25/t 23 


Ma = C13 


A 9 ,9 = -0.25/ii2 


Ai4,i 3 = 0.25/t 23 


^2.5 = Cl4 


Aio.io = -0.25/t 12 


A 15 , 14 = 0.25/t 23 


Mj = ClS 


A 1U i = -0.25/t 12 
A12.12 = -0.25/T12 


Ai6,i5 = 0.25/t 23 



Table 4.3 Elements of 
matrix B 



B 3 ,i = Vt s 
S4.2 = % 

B S ,3 = % 



B 6A = Ixy 



Bl, = V, 

Bs,6 = V, 



%v 



%v 
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Table 4.4 Elements of 
matrix C 



Ci,i = ft 


C 5 ,2 = 1 


Cl,3 = ft 


^6,1 = ft3 


C2.1 = ft 


C6,3 = ft2 


C 2 ,2 = ft 


C 7 ,l = ft 6 


C 2 ,4 = ft 


C 7 ,2 = ft 7 


Cl.ll = ft 


Cl.A = fts 


^3,2 = fto 


C742 = ft4 


C 3 ,5 = ft 


Cg,2 = fto 


^3,16 = ft 


Cg,5 = Pig 


C 4 ,i = 1 


Cg,16 = ftg 



4.3 The H°° Loop Shaping Approach 

The H 00 loop shaping approach has received attention as a method which could 
have the potential for improvement in the control of the tandem cold metal rolling 
process due to its capability for assuring performance in the face of the various 
uncertainties and disturbances which are present in this system, and which are a 
major issue in improving its performance. In this technique the traditional intuitive 
methods of classical control are used in conjunction with H°° optimization methods 
to produce a controller that assures stability and performance despite differences 
between the process model and the actual process, assuming that frequency- 
dependent bounds on these differences can be adequately described in the fre- 
quency domain by appropriate bounding functions. In this method the control 
designer describes in the frequency domain the desired performance by appending 
weighting functions to the plant model to generate a shaped control loop. H°° 
optimization methods then are applied to realize a robust controller. The method 
often is used for robust control of linear time-invariant MIMO systems. More detail 
regarding the basics of the H°° loop shaping approach is available in [6]. 

At first glance it would appear that this method is ideally suited for control of the 
tandem cold rolling process as it involves a systematic method that assures perfor- 
mance and reduces the effects of uncertainties and disturbances. Therefore in this 
section the application of this approach to the control of the tandem cold mill will 
be addressed, with an evaluation of its potential for improvement in performance in 
a practical setting. An objective is to present material that is oriented toward the 
application of the H 00 loop shaping technique to tandem cold rolling in a practical 
sense so that the reader with a limited background in advanced control theory can 
obtain a reasonably good feel for the application. To this end much of the more 
rigorous supporting mathematical theory is omitted from the text but remains 
available in the cited references. 



4.3.1 Traditional Loop Shaping Technique 

The conventional idea of loop shaping as a design method for control of SISO 
systems has been around for many years. As early as 1945 classical loop shaping is 
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described in [7] by Bode and later considered by Horowitz [8] as a tool for the 
synthesis of feedback control systems. In general the concepts of this simpler 
traditional method have some parallels in certain respects to the more complex 
H°° method so that an understanding of the traditional method is expected to aid in 
the understanding of the H 00 loop shaping method. A brief review of the conven- 
tional method therefore is presented in what follows. The description of this method 
is based on a SISO system as shown in Figure 4.3, where the plant and controller 
transfer functions are taken to be linear and time-invariant and are represented 
respectively as G and K, where the controller K is to be obtained by design, and 
where r represents a reference signal, e represents an error signal, u is a signal to the 
plant actuator, y is the output, and d is a disturbance such as an unmodeled 
perturbation, a high frequency resonant condition, or noise. 

Three associated transfer functions for this system are as described in 
(4.47)-(4.49) respectively. These are the loop transfer function L, the transmission 
transfer function T from r to y, and the sensitivity transfer function S from r to <?, 

L = GK, {AM) 

T= GK , (4.48) 

1 + GK' y ' 

S = . (4.49) 

1 + GK y ' 

The idea of conventional loop shaping is to establish specifications that keep the 
magnitude and phase of the loop transfer function within certain bounds at every 
frequency. There are specifications that are established at three areas in the fre- 
quency domain as depicted in the example of Figure 4.4. 

These three areas are the low frequency region, the crossover frequency region, 
and the high frequency region. In the low frequency region |L(/w)| > l(w), where 
l(m) represents a lower bound on the frequency response, it is desired to have good 
tracking in response to changes in r and low sensitivity to uncertainties in the plant 
so that the magnitude of L in this region is made large, the magnitude of S is small, 
and the magnitude of T is close to unity. At frequencies around the zero dB 
crossover frequency generally it is desired to have the slope of the response selected 
to provide stability and an acceptable transient response, which implies a good 
phase margin. In the high frequency region|L(/w)| < u(w), where u{m) represents 
an upper bound on the frequency response, it is desired to have the magnitude of L 
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be small so that T is small and the system is less sensitive to higher frequency 
disturbances such as noise or unmodeled perturbations, and that stability is retained 
if there are other unexpected characteristics such as small time delays or resonant 
points at these higher frequencies. Based on these requirements the frequency 
dependent bounds are established as shown in the example of Figure 4.4 and the 
controller K is designed by adjusting its dynamics until the desired frequency 
characteristic is obtained to be within the established bounds, or it is recognized 
that the loop shaping requirements may need to be adjusted or abandoned. 



4.3.2 Matrix Singular Values 

The understanding of the usage of the singular values of a matrix in their 
application to the H°° loop shaping approach to MIMO control is necessary to 
the comprehension of the H°° loop shaping method. Accordingly, a somewhat 
intuitive definition of the singular values is given in what follows, i.e., for any 
complex m x p (p < in) matrix Q, the nonnegative square roots of the eigenvalues 
of Q*Q are called the singular values of Q, where * indicates the complex 
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conjugate transpose of Q. The set of singular values, the maximum (or upper) 
singular value, and the minimum (or lower) singular value are denoted as 

a(Q) = {a r .i=h-,P}, (4.50) 

ff(G)=ffi, (4.51) 

a{Q) = u p . (4.52) 

If the matrix Q is considered as a linear map from the vector space C p to the 
vector space C m which is defined by 

Q : C^C" 

n n (4 " 53) 

Q : u*->Qu, 

then it can be shown that the upper and lower singular values are given as 

5(G) = max \\Qu\\, (4.54) 

a(Q) = min \\Qu\\, (4.55) 

|m|| — 1 

where the norm is the vector Euclidean norm, so that o(Q) and ff(Q) are the 
maximum gain and the minimum gain of the matrix Q. In a manner similar in 
certain respects to the traditional loop shaping method, in the H°° loop shaping 
method the singular values are applied as a function of frequency to analyze various 
performance criteria and performance limitations. The use of singular values is 
considered further in the following sections. 



4.3.3 H°° Loop Shaping 

As previously noted, the H°° loop shaping technique can be used for development 
of controllers for linear time-invariant MIMO systems. Implementation using this 
technique includes the following three steps involving a plant G, controllers K^ and 
K, and performance weights Wj and W2, as depicted in Figure 4.5. 

• Step 1 : The desired shape of the plots of the frequency-dependent singular values 
of the control loop which includes the boundaries are determined using the 
intuition and experience of the designer. Weighting matrices then are added 
as a pre-compensator Wj and a post-compensator W2 to the plant G to come 
close to the desired shape of the open-loop singular values of the modified {i.e. 
shaped) plant. 
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Fig. 4.5 Steps in H°° loop shaping 

• Step 2: H°° optimization methods are applied to develop a controller K x which 
stabilizes the shaped plant. 

• Step 3: The final controller K for the original plant G is constructed by using the 
weights Wi and VV2 and the stabilizing controller K^. 

As noted in step 1, the desired loop shape and the boundaries are essentially 
established by intuition and the experience of the control designer, which often 
requires translating time response requirements of a MIMO system into the fre- 
quency domain, considering that frequency responses must be represented as plots 
of singular values. This can be a more than simple task, especially if the system is 
large and there are many possible combinations of uncertainties and disturbances 
that must be considered to form the boundaries on the frequency-dependent singular 
values. 

The selection of the weights W\ and W2 is an even more daunting and difficult 
task, as a control practitioner has to develop a good deal of skill based on experi- 
ence to be effective and obtain useful results. A set of guidelines for the selection of 
weights which was developed about 1991 by Hyde [9] for use in the design of 
control for aircraft has provided some help in this area. Since then some improve- 
ments in the guidelines have been made, mostly resulting from work in the 
aerospace industry. An example of recent work dealing with H°° loop shaping 
and which offers some simplification in the procedure for the selection of weights 
is given in [10]. 
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Step 2 is less difficult than step 1 as it involves determining a stabilizing 
controller K x which satisfies (4.56), 



/ 
K„ 



[l-G s K x ]- l [l G s ] 



<J, 



(4.56) 



where G$ is the shaped plant, i.e. Gs = W2GW1 with coefficients A, B, C, and D 
of its state-space realization, and for some y < y min , with 



}< mm = (l+WXZ)) 1/2 . 



(4.57) 



where /, max is the maximum eigenvalue of (XZ), and X > 0, Z > are the unique 
solutions of the algebraic Riccati equations (4.58) and (4.59), 



(A - BS~ l D'C)Z + Z(A - BS~ [ D'C) - ZC'R'CZ + BS l B' = 



(4.58) 



(A - BS- X D'C)'X+X{A - BS^D'C) - XBS~ l B'X + C'R^C = 0, (4.59) 
and where 

R = I + DD', S = 1 + D'D (4.60) 

The state-space realization of the controller K^ is given by (4.61)-(4.66) as 



where 



A Koc = A + BF + y 2 (L') l ZC\C + DF), 

B Koo = y 2 (L')- l ZC, 

Ckoo = BX, 

Dkoo = -D', 

F = -S'(D'C + B'X), 



and 



L = (1 - y 2 )I + XZ. 
The final controller K is then determined as in step 3, 

K = WiK x W 2 . 



(4.61) 
(4.62) 
(4.63) 
(4.64) 

(4.65) 

(4.66) 

(4.67) 
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It should be noted that the computations in step 2 above can be done by using the 
software tools provided in software packages such as MATLAB/Simulink. 2 Also, 
as noted in [10] based on general practice in the aerospace industry, if }' m j n <4 the 
design generally will be successful, but if y m j n >4 then the augmented plant is 
incompatible with closed-loop system robust stability and the weighting functions 
most likely will require modification. 



4.3.4 Application to Tandem Cold Metal Rolling 

The H°° loop shaping technique has been investigated [11, 12] for its application to 
the control of centerline thickness and interstand tension for a tandem cold metal 
rolling application. As part of this investigation, a controller for a typical tandem 
rolling mill was designed and its performance was simulated and compared with a 
typical conventional controller, similar to that shown in Figure 3.10. The design of 
the controller generally followed the pattern outlined previously, i.e. a nonlinear 
model and a linearized version of it were developed and verified, system inputs and 
outputs were selected, a plant structure was established, the boundaries within 
which the plots of the open-loop singular values should remain were established 
to assure system performance and robustness, loop shaping weights were selected, 
simulation was performed and the results evaluated. To give some insight into the 
issues that might be encountered by a control practitioner in an actual design 
process using the H°° loop shaping technique, some of the more significant aspects 
of the investigation into the use of this method for control of the tandem cold mill 
are described in what follows. 

The selection of inputs is fixed by the available actuators so that any variation in 
this selection process is in the outputs. Several criteria were considered in the 
selection of the outputs. In accordance with guidance of [9] it was desired to 
attempt to keep the plant as diagonal as possible so as to keep the loop shaping 
weights as diagonal as possible to simplify the system design. This would be 
especially important in a larger plant such as the tandem cold rolling mill, as the 
use of off-diagonal weights would add considerably to the number of tuning 
parameters. The association of outputs to inputs was determined by the use of the 
relative gain array method [13] by which the interactions between process variables 
can be assessed. In this method a matrix is formed wherein the impact of a control 
variable on the output variables, relative to its impact on the other variables, for all 
possible input-to-output pairings is determined. The idea is to select the pairings of 
the variables so as to match an input with a certain output that is most affected by a 
change in the input, while reducing any undesirable effects on the other variables. 
Table 4.5 lists the resulting input-output pairings. 



~MATLAB and Simulink are registered trademarks of The MathWorks, Inc., Natick, MA 
01760-2098. 
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Table 4.5 Pairing of 
process inputs and outputs, 
based on [11] 



Inputs 
Stand 1 roll 
Stand 2 roll 
Stand 3 roll 
Stand 4 roll 
Stand 5 roll 
Stand 1 roll 
Stand 2 roll 
Stand 3 roll 
Stand 4 roll 
Stand 5 roll 



gap actuator 
gap actuator 
gap actuator 
gap actuator 
gap actuator 
speed actuator 
speed actuator 
speed actuator 
speed actuator 
speed actuator 



Outputs 

Stand 1 thickness gauge 

Stand 2 estimated thickness 

Stands 2,3 tension 

Stands 3,4 tension 

Stand 5 roll force 

Stand 1 peripheral speed 

Stands 1,2 tension 

Stand 3 estimated thickness 

Stands 4,5 tension 

Stand 5 thickness gauge 



Due to the size of the system, the total number of states was 57, prior to attempts 
to reduce the order of the model. After applying model order reduction techniques, 
the number of states was reduced to about half that number. 

The selection of input and output weights for loop shaping is a major task in the 
design effort. In the design that was performed as described in [11, 12] the guide- 
lines developed in [9] were used as a general basis for weight selection, although in 
more recent loop shaping applications improvements developed in the guidelines 
would make the difficult task of weight selection a bit easier. The specific guide- 
lines for weight selection that were used in [11] are: 

• Guideline 1 : Scale all outputs such that one unit of cross coupling into each of 
the outputs is equally undesireable. 

• Guideline 2: Scale all inputs to reflect the relative actuator bandwidth capabil- 
ities, which depend on the dynamics of the actuator bandwidth and the saturation 
limits. 

• Guideline 3: Arrange the inputs and outputs so that the plant is as diagonal as 
possible, which simplifies the final design as the loop shaping can be done using 
diagonal weights. 

• Guideline 4: Adjust the roll-off rates of the singular values at the cross-over 
frequency by plotting the transfer functions from each actuator alone to all of the 
outputs, and then from all of the actuators to each output alone. A desired roll-off 
rate at cross-over is about -20dB/decade at the desired bandwidth. Integral 
action at the precompensator and roll-off terms at higher frequencies can be 
added as needed. 

• Guideline 5: Align the singular values at the desired bandwidth, assuming the 
plant is well-conditioned. 

The selection of the output weighting (i.e. weight W2) requires intuition into the 
characteristics of the physical plant and familiarity with its operation. In the case of 
the application of guideline 1, one unit of cross coupling was taken to be the 
acceptable tolerance in each output variable as represented in the scaled system. 
For example for the exit thickness in this case a tolerance of 1% was equivalent to a 
0.02 mm variation in the actual thickness so that the preliminary scaling for this 
output was 1/0.02. Table 4.6 lists the acceptable tolerances used for other variables. 
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Table 4.6 Tolerance used in variable Tolerance (%) 

scaling of output weights, . 

, , r , , , " Measured thicknesses 1 
based on [111 . 

interstand tension lorces 10 

Roll forces 10 

Work roll speeds 1 



It should be noted that these particular tolerances were used in this specific instance 
and that in other applications different, and possibly tighter, tolerances may be 
more consistent with the actual equipment and system characteristics. 

Input weights also require scaling. In the case of the roll gap actuators, the inputs 
were scaled such that the smallest step change in the actuator movement which 
produced unacceptable transients in the open-loop model of the mill was taken to 
represent one unit of scaling. For the gap actuators this was 0.1 mm which was 
scaled as 0.1. In the case of the work roll drives, scaling was such that 1% of the 
nominal drive speed represents an acceptable activity which in this case was a 
deviation of about 1% in the exit thickness. For this application all drives were 
scaled identically. The scaling of the weightings related to the estimates of the stand 
output thicknesses using the BISRA gaugemeter method (Section 3.4.3.4) was 
made deliberately lower as it was considered that the estimates are less reliable. 
In some cases it was noted that iteration was required to tune the weight scaling 
during simulation. Each of the elements of weight Wj was a simple low pass filter, 
and in accordance with Guideline 4 integral action was added to each of these 
elements which improved the steady-state accuracy. 

Considerable tuning was required to come up with the final configuration of the 
weights. Some of the issues encountered were excessive movements in the roll gap 
actuators that produced thickness variations that were difficult to correct down- 
stream. Also, the coupling of roll eccentricity into the responses of the downstream 
drives near exit of the mill was seen in the speed of the exit strip which could affect 
the exit coiler controllers. These issues were corrected somewhat by the adjustment 
of the integral gain in the roll actuator weights and the addition of high frequency 
roll-off in the drive actuators weights. In [11] several plots of the singular values 
after final tuning of the weights were presented and an acceptable final value for 
y min was realized. 

During simulation the controller was coupled to a nonlinear model of the plant to 
verify final performance. It was noted that tuning of the loop shaping controllers 
during simulation to achieve acceptable results was less than straightforward, and 
there was difficulty in determining how the adjustment of the weighting elements 
would affect the transient responses which required significant redesign to correct 
so that an improvement in performance over the conventional control could be 
attained. This was attributed mostly to the nonlinear characteristics of the mill as 
represented in the nonlinear model. 

The simulation results for responses to typical disturbances in the incoming 
thickness and hardness were compared to those generated using a conventional 
controller. At top speed the mill exit thickness was held to within — 1 % to + 1 % of 
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nominal thickness while the conventional controller as simulated for this investiga- 
tion held thickness variations to within —2.5% to +0.5% of nominal thickness, 
which shows an improvement. Interstand tension control was deemed adequate. 
During speed change from thread to run and the reverse a series of controllers were 
designed and gain scheduled to control the mill with a resulting slight degradation 
in performance, so that the tolerance in exit thickness was held to within —1.5% to 
+ 1.5% of nominal thickness during these regimes of operation. Several plots of the 
results of the various simulations are available in [11, 12]. 



4.3.5 Comments 

The preceding has been included to provide an example of an advanced technique 
as applied to the tandem cold metal rolling process. As with the application of 
almost any new method, there are areas that show considerable advancement while 
there are others that possibly could be improved by further research and develop- 
ment efforts. While considerable effort as described in [11] was required to 
generate and simulate the H°° loop shaping controller, on an overall basis it is 
considered that somewhat more work is needed for this technique to be judged as 
acceptable for usage in a practical setting. Among the main issues is the multitude 
of different products that are processed during a typical working period. The con- 
troller design considered was developed around only one product. To be useful the 
controller must be capable of handling a wide range of products wherein a change 
can occur rapidly (and often unexpectedly). This is especially important in the 
case of continuous tandem cold rolling as the strip characteristics can change in 
milliseconds during the transition from the tail of one coil to the head of the 
next coil, and considering that the present trend in new rolling applications and 
in the revamp of existing mills is toward continuous tandem cold rolling as it 
produces significantly higher yield and profitability. 

Another area of concern is user friendliness to design and commissioning 
personnel who have a limited background in advanced control theory, especially 
in the theory and application of H°° robust control techniques. This is especially 
significant as it is crucial that any control strategy applied to this process must be 
useful in a practical sense as user friendliness plus simplicity and ease of tuning at 
commissioning are important to a rapid startup and also later during actual opera- 
tion, which ultimately affects production and profitability. The dynamic MIMO 
nature of the controller is somewhat less than desirable for commissioning since 
personnel involved in this area generally prefer a simple control structure wherein a 
tuning adjustment is related to a single tunable variable that is easily related to a 
single process function. Also, during the simulations it was noted that tuning of the 
weights was difficult even for those with considerable talent and background in the 
development of these types of controllers so that tuning by those with only a basic 
background in control theory could be a bit more daunting. 
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Moreover, the controller requires a linear model which adds to the design 
complexity, especially to accommodate a change in mill speed from thread to run 
and the reverse. 

Thus there is considerable room for improvement in these areas. However, 
future developments may result in further advances that prove to be beneficial in 
the application of H 00 loop shaping techniques to this important industrial process, 
so that the potential of this method to improve product quality as well as being 
useful in a practical sense might be realized in future investigations. 



4.4 An Observer-Based Method for MIMO Control 

In this section a MIMO design for control of the tandem cold rolling process using 
an observer-based technique is presented. The process is a two-stand tandem cold 
mill. A design based on the use of this method for control of this process has been 
simulated and successfully applied to the control of an actual mill. The significance 
of considering this observer-based technique for a MIMO controller is its capability 
to successfully handle disturbances in the presence of uncertainties, which is highly 
important in the control of this process. The basic concepts for observers in MIMO 
systems, the internal model principle, and feedforward techniques tie in with the 
overall approach to the controller design and therefore a brief overview of each of 
these is included as useful background which can aid in the understanding of the 
controller design. What is included is intended to be oriented toward practical 
application and therefore much of the mathematical supporting theory is omitted 
but can be accessed through the references cited. 



4.4.1 Observers for Linear Systems 

There are many types of observers that are used to estimate the states and dis- 
turbances of linear systems. As an introduction to the consideration of the controller 
design for the tandem cold mill and as an aid to the reader, some supporting 
material related to observers is presented. 

The Luenberger identity observer [14] is very much like the observer utilized in 
the design of the controller for the tandem mill, and therefore it will be considered. 
The intent of an observer, whether an identity observer or one of another type, is to 
produce an approximation to the full state vector using the control variables and the 
output variables of the original system. The observer in itself is a linear dynamical 
system. The intent of the state vector of the observer is to have its states generate the 
information that is missing about the states of the original system. The observer is in 
fact a dynamic entity that generates the full state vector. 
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To better understand the identity observer, the following system is assumed to be 
completely observable (the definition of observability can be found in standard 
texts on linear system theory, e.g. [5]), 



i = Ax + Bu, x(0) = .V(), 

y = Cx, 



(4.68) 
(4.69) 



where x £ R" is the state vector, y £ R p is the output vector, u £ R m is the control 
vector, and A, B, and C are constant matrices of appropriate dimensions. An 
observer for this system can be constructed which is of the form 



z = Az + E(y - Cz) + Bu, z(0) = z , 



(4.70) 



where z € R" is the state vector of the observer and E £ R" xp is a constant matrix. 
Figure 4.6 is a schematic of the identity observer, with inputs u and y from the 
original system. 

Equations 4.69 and 4.70 can be combined to get (4.7 1) and (4.72) which generate 
an observer error vector e, 



e=(A- EC)e, e(0) 



where 



(4.71) 



(4.72) 



This type of observer is denoted as an identity observer since its state z tracks the 
state x of the original system. If at t = the error e is zero, then for t > the error is 
zero. If the initial error is not zero then the error for t > is determined as in (4.71). 
If the matrix (A-EC) is asymptotically stable, the error will tend toward zero at a 
rate that is determined by the dominant eigenvalue of (A-EC). In the design of the 



-o 




Cz 



Fig. 4.6 Schematic of an identity observer 
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controller for the tandem mill, an identity observer is utilized to estimate the 
disturbances and the states of the system. 



4.4.2 The Internal Model Principle 

The internal model principle has been in use for a long time in the synthesis of 
controllers as an effective means for mitigating the effects of disturbances, and at 
the same time tracking a desired reference in the presence of various uncertainties. 
The initial consideration of the application of the internal model principle to SISO 
systems is presented to give some insight into its general use. Understanding the 
application to SISO systems provides a basis for a better understanding of the ideas 
used in certain M1MO systems. 

As presented in [15] the internal model principle can be summarized by stating 
that a controller synthesis is structurally stable (as defined in [15]) only if the 
controller utilizes feedback of the controlled variable, and incorporates in the 
feedback path a correctly duplicated model of the dynamic structure of the external 
signals which the controller is required to process. How this applies for the internal 
compensation of an external disturbance in the case of steady-state can be seen in 
what follows using Figure 4.7 which depicts a SISO control loop with a disturbance. 
In Figure 4.7 Laplace transforms are shown for the reference signal as R(s), the 
control signal as U(s), the output as Y(s), the disturbance as D(s), with C(s) as the 
transform of the controller, and G(s) of the plant. 

Assuming that the numerator and denominator of C(s), G(s), and D(s) can be 
factored as 



C(s) 



G(s) 



D(s) 



C n (s) 
C d (s) ' 

G„(s) 
G d (s) ' 

Dn(s) 



(4.73) 



(4.74) 



(4.75) 



w -^Q-^ 



C(s) 



U(s) 



D(s) 



G(s) 



Y(s) 



Fig. 4.7 SISO control loop with a disturbance 
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where C„(s) and Cj(s) are the factors of the numerator and denominator of C(s), 
and similarly for G(s) and D(s), and if the factors of Dd(s) are also the factors of 
Cd(s), then in the general case the steady-state error in the output Y(s) due to the 
disturbance is zero. This can be seen in (4.76)-(4.78) where 

r ^=T+Wm D(s) - (4 ' 76) 

r " ) = a(,)c,(.HG.(,)c.(.) ^W- (4J7) 

and the steady- state value of y(t) is 

v(oo) = lim y(t) = hm ( - , '^^^ , \ = 0. (4.78) 

It also can be noted that under the conditions of robust stability of the nominal 
control loop (i.e., the control loop excluding uncertainties in the model), if the 
factors of Dj(s) lie in the closed right-half plane, then these unstable components 
also will be compensated. Moreover, the output U(s) of the controller generally will 
contain the modes of the disturbance. 

In summary, as shown in the above SISO example, the general idea of the 
internal model principle is that if a controller is to be any good, it must include a 
model of the external world. This carries over in a general sense in what follows in 
Section 4.4.4 for the MIMO controller for the two-stand tandem mill, wherein the 
disturbances are modeled as the outputs of an observer that reflects the nature of the 
disturbances, and are used along with the estimated states to form the final control 
law for the system. 



4.4.3 Feedforward Techniques 

Feedforward techniques are often used for compensation of disturbances and this is 
the case for control of the two-stand tandem cold mill. An example of a feedforward 
method is depicted in the SISO system of Figure 4.8. 

In Figure 4.8 the disturbance D(s) is assumed to be measureable. The idea is to 
design controllers Cj(s) and C^fsJ so that D(s) has no effect on the output Y(s). It is 
assumed that the controller C(s) is designed so that the system is stable and has an 
acceptable response assuming the disturbance D(s) is zero. If D(s) is nonzero, the 
output Y(s) due to the effects of the disturbance is then 

Y(s)= C f-^ S) D(s). (4.79) 

1 +C(s)G(s) 
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D(s) 




R(s)- 



Fig. 4.8 Feedforward disturbance compensation 



Y(s) 



From (4.79) it can be seen that the relationship between controllers C\(s) and 
C2(s) takes the form of (4.80) to cancel the disturbance D(s). 



Ci(s) = 



G(s) 



(4.80) 



Somewhat similar techniques of disturbance rejection using feedforward meth- 
ods for disturbance compensation can be extended to MIMO systems as will be seen 
in the presentation of the design of the control for the tandem cold mill in 
Section 4.4.4. It also can be noted that while the internal model principle provides 
compensation for disturbances in steady-state, the use of feedforward provides 
compensation during the transient portion of the response. 



4.4.4 MIMO Controller for a Two-Stand Tandem Cold Mill 



The two-stand tandem cold mill is designed to process aluminum which poses 
somewhat more stringent requirements on the control than in the case of steel. This 
is because the material is softer than steel and therefore is more susceptible to 
disturbances such as changes in the friction coefficient, uncertainties in the com- 
pressive yield stress (hardness), plus others. The controller for this process is a 
MIMO configuration as described in [16] and illustrates some of the concepts 
involved in MIMO control of tandem cold rolling. Figure 4.9 presents a schematic 
of the mill. 

The objectives of the controller for this process are to maintain the centerline 
thickness at the mill exit within a desired tolerance and to reduce excursions in the 
interstand thickness and tension to support the stability of rolling. The nonlinear 
model used essentially follows that presented in Section 4.2 and Chapter 2, with 
appropriate adjustments for a two-stand rolling application. The basic equations of 
the nonlinear model, with some minor modifications for this application, are listed 
for the convenience of the reader. The variables represented by the symbols used 
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Fig. 4.9 Schematic of a 2-stand tandem cold mill, based on [16] 

are as noted in Chapter 2. The relationships given in (4.81)-(4.89) describe respec- 
tively the strip output thickness, the interstand tension, the specific roll force, the 
strip speed at the stand output, the forward slip, the mass flow across the roll gap, 
the roll gap actuator position, the work roll actuator speed, and the stand input 
thickness. 



S + S 



PW 



d(<ii,i+i) _ . E(V inJ+ i - V 0UlJ ) 
- a i.i+i — ~. 



dt 



f/,/+i(0) = ff<y,/+i 



VouU = V{\ +/), 
Ji Ji v^in •> ^out ? ® in j " out 3 &i \*>) ; 

MFj = Vi„h h , = Vouthgut, 



(4.81) 

(4.82) 

(4.83) 
(4.84) 
(4.85) 
(4.86) 



(4.87) 



(4.88) 



(4.89) 



Based on these nonlinear representations, a linearized process model as given in 
(4.90)— (4.92) was developed that includes disturbances and uncertainties. 
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— = x = Ax + Bu+D l d, (4.90) 

at 

yi =C lX + D 2 d, (4.91) 

y 2 = C 2 x+D 3 d, (4.92) 

where x <E /? 4 , y\ £ /? 3 , j2 S R 2 , u £ R 2 , are respectively vectors whose elements 
represent the state, output 1, output 2, and control variables, with d e R 5 being a 
vector whose elements represent the disturbances and uncertainties, and with A, B, 
Ci, C 2 , Dj, D 2 , and Z) 3 being matrices of appropriate dimensions whose elements 
are constants as determined for a particular operating point as noted in [16]. In this 
case the particular uncertainties considered are represented as disturbances, and all 
variables in the linearized equations are understood to represent excursions from 
nominal operating point values. Further in (4.84) and (4.85) the roll gap positions 
S p j and work roll peripheral speeds V pi are the actuator outputs as modified by 
certain disturbances such as set-up errors and roll thermal expansions. Table 4.7 
lists the process variables that are assigned to the elements of x, y, and u, where 
F\ = P{WIM with Py being the specific roll force for stand 1 and W and M being 
the strip width and the mill modulus, and F2 being similarly understood. Table 4.8 
lists the elements of the vector d that are associated with the individual distur- 
bances. It should be noted that in Table 4.8 an individual disturbance may affect 
more than one element of d. In this model the stand 2 work roll peripheral speed is 
not identified as a variable assigned to an element of the state vector as it was 
considered that the controlled variables are not directly affected by changes in this 
variable. The simulation results are based on this assumption. 

In this design the poles of the plant that correspond to the time constants of the 
actuator control loops are adjusted to assure a reasonably fast response of the 
actuators. This is done by state feedback as depicted for example in Figure 4.10 
where state feedback is applied to move the pole related to the actuator time 
constant Tyi f° r me r °U peripheral speed to a new pole related to the shifted time 
constant xy\, where Uy\ is an input which is used for disturbance compensation and 
V p j is understood to be the stand 1 work roll peripheral speed. 

The inputs t/y , (for work roll peripheral speed) and U$j (for roll gap position) are 
feedforward control signals determined by functions denoted herein in Figure 4.11 
asf(d,p), where p represents parameters that relate the elements of the disturbance 
vector d to the controllers for the individual actuators. These functions are of the 

Table 4.7 Variable assignments for state, control, and output vectors, based on [16] 

State vector Control vector Output vector 1 Output vector 2 
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Table 4.8 Elements of the d vector associated with each disturbance, based on [16] 



Disturbance 



Associated elements of the d vector 



Stand 1 input thickness 


d\, d 2 


Stand 2 input thickness 


di,d 3 


Mill input hardness 


di,d 2 


Stand 1 friction 


di,d 2 


Stand 2 friction 


di,d 3 


Stand 1 roll eccentricity 


d A 


Stand 2 roll eccentricity 


d 5 


Mill input tension 


di,d 2 


Mill output tension 


d h d 3 


Stand 1 roll wear 


d 4 


Stand 2 roll wear 


d 5 


Stand 1 roll thermal expansion 


<U 


Stand 2 roll thermal expansion 


d 5 


Stand 1 roll gap set-up 


(J4 


Stand 2 roll gap set-up 


d 5 
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>i 



Fig. 4.10 An example of the application of state feedback for work roll peripheral speed 
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Fig. 4.11 Example of disturbance mitigation using work roll peripheral speed for feedforward 
compensation 
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type that are derived in [16] for compensation of disturbances based on the effects 
of the various actuators on each of the disturbances as noted in Table 4.9, and with 
the requirement that the excursions in the exit thicknesses and the interstand 
tensions are to be zero. In certain instances as noted in Table 4.9 compensation 
for a disturbance requires the concurrent action of more than one controller. An 
example of the use of work roll peripheral speed for feedforward compensation for 
mitigation of disturbances is depicted in Figure 4.1 1. 

Since the individual states and the disturbances are not measurable, they are 
estimated using the identity observer. The final form of the controller is then 
determined using the estimated states and the estimated disturbances. How the 
identity observer can be used to estimate elements d 4 and x 2 of the disturbance and 
state vectors is given in (4.93), 



d 
dr 
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(4.93) 



where zi and z 2 are elements of the vector z € R 6 of the observer, with z x being the 
estimate of d.4 and z 2 being the estimate of x 2 (Table 4.7), k\ and k 2 are elements of 
the observer gain vector £ 6 R 6 ,y 11 is an element of the vector y^ G R 3 , andy u e is 
an estimate of y n , with a si and b si being constants of appropriate dimensions. 
Similar expressions are derived which involve the remainder of the state and 
disturbance vectors. With some assumptions on the disturbances and algebraic 
manipulations using derived relationships, the resulting form of the final descrip- 
tion [16] of the process controller is 



z = Fz + Gyi + Hy 2 , 
u = Pz + Qyi+Ry 2 , 



(4.94) 
(4.95) 



where the elements of z are as given in Table 4.10, the elements of vectors u,y x , and 
y 2 are as shown in Table 4.7, and F, G, H, P, Q, and R are constant matrices. 

In Table 4.10 x a is the time constant associated with the linearized model of the 
tension, while disturbances d\ and d 2 can be obtained from disturbances d 4 and d 5 and 
therefore have been incorporated in the controller through the estimates of d 4 and d 5 . 

System stability was analyzed as part of the design described in [16]. The criteria 
applied for stability for this MIMO system utilizes the function described by the 
characteristic equation, i.e. if this function encircles the origin the system is closed-loop 



Table 4.9 Control variables 
for compensation of 
disturbances, based on [16] 



Disturbance 



Control variable for disturbance 
compensation 



d 2 
d 3 
d A 



U vi 

Uyi, Usi (concurrently) 

Uvi Ug2 (concurrently) 
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Table 4.10 Estimated Element of z Estimated variable 

variables in the final form of 

the controller ] 4 

z 2 x 2 

Z 3 X 3 + k^T a Xi 

Z4 t/| + ke"l a X\ 

Z 5 di 

Z 6 X 4 



unstable. Characteristic equations for the major loop and the minor loop of the 
system were considered for positive frequencies between zero and infinity. In both 
cases the major and minor loops were stable. Additional criteria regarding the use of 
the characteristic equation in determining stability of linear MIMO systems is 
found in advanced texts on linear MIMO system control [e.g. 17]. 

Simulations were performed with the MIMO system coupled to the model, and 
compared with conventional controllers using SISO control loops. The comparisons 
were based on disturbances which included excursions in the friction coefficients 
based on the changes in the speed of the work rolls, on eccentricity in the backup 
rolls, and on performance during speed change from thread speed to run speed. The 
major improvement over the conventional method was the reductions in the excur- 
sions in the exit thickness of both stand 1 and stand 2 during acceleration. In the 
case of stand 1, the deviation in the exit thickness was about 15 urn with the 
conventional control and about 5 um with the MIMO control. Similar results 
were noted for stand 2 where the deviation was about 30 um with the conventional 
method and 5 urn with the new method. During acceleration and at steady speed the 
excursions in tension were about the same in both cases, and at steady speed 
operation both controllers held the exit thicknesses to within 3 um at the exit of 
stand 1 and 2 urn at the exit of stand 2, with the performance of the MIMO 
controller being slightly better than that of the conventional controller. 

Additional simulation was performed to compare the frequency responses to 
each of the disturbances for the new controller to the conventional controller, where 
for each disturbance the resulting excursions in thicknesses and tension were 
determined. In almost every case examined there was a reasonable improvement, 
especially at the lower frequencies. 

The new controller was installed on an actual mill where data during typical 
operational modes were obtained. The data were mostly consistent with the 
improvements noted during the simulation. During the acceleration and decelera- 
tion phases for a 0.32 mm nominal mill exit thickness the strip length that was 
outside the desired tolerance of +/— 0.004 mm was reduced by about 60%, which is 
a significant improvement. 

4.4.5 Comments 

In general MIMO controllers are able to deal inherently with interactions between 
the various process variables which is an advantage over a controller consisting 
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only of several SISO control loops. This generally is the case for the MIMO design 
just presented for the 2-stand tandem mill. As shown in the simulation results 
presented in [16] and in the application to an actual operating system, there were 
improvements in performance over a conventional method which offer a confirma- 
tion that a MIMO based controller provides an improvement over a SISO based 
controller for this application. Moreover, these results imply a strong possibility for 
improving performance when a MIMO system is extended to the control of a mill 
with more than two-stands. It is considered that some additional advantages could 
be realized by treating the interstand time delays as part of the actual model rather 
than as disturbances which would lead to a more realistic simulation and possible 
further improvement in performance. Other considerations would involve design- 
ing the controller to perform well without a thickness sensor located between 
adjacent mill stands, as this is typical for most mills with additional stands, 
expanding the design to treat the uncertainties separately from the disturbances 
and including a more complete range of uncertainties in modeling and measure- 
ment, and fully considering in the model the work roll peripheral speed of the last 
stand. Additionally, the design is based on a linear system which adds a bit of 
complexity for linearization and may require some additional gain scheduling 
methods to accommodate changes in speed or product, although it is not mentioned 
in [16] if such methods are incorporated into the design for the speed changes 
that were described. As in the case of other MIMO based systems, the tuning of 
the more complex MIMO controllers at commissioning can present difficul- 
ties especially for personnel with only a basic background in control theory. 
Nevertheless, the consideration of the MIMO design has shown to be an improve- 
ment over the SISO method, and with some additional development can offer 
an even better approach to control of the tandem mill. 



4.5 Concluding Comments 

This chapter has presented two advanced techniques for control of the tandem cold 
rolling process. The advantages and disadvantages of each were discussed. While 
each method offered certain advantages over a conventional controller, neverthe- 
less there were some also disadvantages that made the advanced control method 
somewhat less desirable. Chapter 5 presents a third method that offers significant 
improvement over conventional control without most of the disadvantages of the 
two methods presented. 
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Chapter 5 

Advanced Control: The Augmented SDRE 

Technique 



5.1 Background 

The advanced method presented in this chapter is the result of several years work at 
the University of Pittsburgh related to discovering an improved method for the 
control of the centerline thicknesses and the tensions in the tandem cold metal 
rolling process, with the aim of improving the quality and yield of the final product. 
As a major part of this work, the state-dependent Riccati equation (SDRE) tech- 
nique was investigated as to having a significant potential for realizing this 
improvement. The results of this investigation were highly successful as will be 
seen in the following portions of this chapter wherein the results of simulations for 
both stand-alone and continuous tandem cold rolling mills are presented and 
compared with available data from actual installations, most of which are con- 
trolled by systems that are essentially SISO. The existing systems have done a 
reasonably good job in controlling the process, producing a product that is of good 
quality, and being in general user-friendly and relatively easy to tune which has 
kept commissioning times within reasonable bounds. However, as noted previously 
in Chapter 4, because of their SISO-type structure, the present systems are limited 
in realizing further improvements in performance due to their limited capability to 
handle the dynamic interactions between the many variables in the mill itself, so 
that a control structure which offers an improvement over the conventional arrange- 
ments is considered essential for improvement beyond the present limitations. 

Several different control structures were considered as possible viable candidates 
for mill control. While there are certain advantages and disadvantages of each 
candidate as will be discussed later in this chapter, the one that offers the best 
chance of improvement in performance, that promotes physical intuition in the 
design process, and does not add complexity that would be unacceptable to com- 
missioning and operational personnel most of whom who are unfamiliar with 
advanced control techniques, is the state-dependent Riccati equation method as 
presented herein. During the investigation of this technique, it was discovered that 
performance and user-friendliness could be improved even further by the addition of 
very simple augmentations to the basic SDRE structure. This improvement turned 
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out to be quite effective in the development of an overall system that offered 
significant improvements. 

The state-dependent Riccati equation technique itself is not new, as it was first 
suggested by Pearson [1] in the early 1960s, later developed further by others [2] in 
the mid 1970s, studied further in the late 1990s by Mracek and Cloutier [3], and also 
referred to by Friedland [4] mid 1990s. It was not until in the past 10 years or so that 
the technique has been recognized as a practical and user-friendly method for the 
control of nonlinear systems. This is mostly due to the rapid advancements in the 
capability of computational machines which made the online pointwise solution of 
the algebraic Riccati equation feasible for many different types of processes that 
require fast updates in controller scans, such as tandem cold metal rolling. Many 
complex nonlinear applications using the basic SDRE method were implemented 
successfully. Among these are an artificial human pancreas [5], a nonlinear autopi- 
lot [6], an advanced guidance law development [7], a satellite and spacecraft 
control [8], a process reactor control [9], plus others. 

In preparation for consideration of the material related to the state-dependent 
Riccati equation technique, it is necessary to have some basic understanding of 
control using the linear quadratic regulator (LQR) method, and so accordingly what 
is included in the following section are some of the basics of the applicable areas of 
LQR control. As with the material presented throughout this book, what is pre- 
sented is oriented mostly toward practical usage, rather than from the standpoint of 
a highly formal mathematical approach, although some of the ideas introduced 
require a familiarity of certain concepts which are described by various mathemati- 
cal relationships. As in other chapters, a more mathematically rigorous and detailed 
coverage can be found in the references and the citations listed therein. 



5.2 The Linear Quadratic Regulator 

There are several aspects to control using the techniques of linear quadratic 
regulation. The general idea in all of these aspects is the development of a control 
law which when applied to a dynamical system will minimize a performance index 
that represents a cost function. The minimization of this index ultimately results in a 
controller that is optimal in the sense that when applied to a certain process the 
controller can inherently reduce the undesired deviations in certain state variables 
from their desired values during the operation of the controller. In addition to 
reducing the deviations in these state variables, the cost function can be constructed 
to limit the control effort (i.e. the control energy) needed to perform the control 
action, and thus minimize the overall cost. For the purposes of what is being 
considered in this section, the elements of the coefficient matrices of the linearized 
model and the elements of the weighting matrices are taken to be constants. The 
determination of the cost function is based on a linearization of the process model, 
hence the term "linear" in the description of the controller. The cost function is 
usually a combination of a quadratic function of the state variables and a quadratic 
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function of the control variables hence the term "quadratic". A quadratic cost 
function is almost always used as it fits very nicely into this method as compared 
to other possible functions, the resulting optimal control is expressed in the form of 
a linear feedback, and the resulting closed-loop system is a linear dynamic system. 
The elements of the weighting matrices are assigned by the control system 
designer. By proper assignment of these elements the control designer can "penalize" 
(i.e. emphasize) certain variables of the linearized system to make them more 
dominant during the action of the controller. The capability to assign these elements 
also allows for "trade-offs" between weightings assigned to the states versus 
weightings assigned to control, as for example a faster response in certain of the 
states can be achieved at the expense of a greater control effort. For the purposes of 
providing insight into the parallels with the SDRE method, it will be assumed that 
the LQR control is closed-loop and that the controller operates continuously for an 
infinite or a very long period of time, as opposed to being open-loop or functioning 
for a much shorter finite period of time as is the case for certain other applications of 
the linear quadratic method. A linearized state equation and a performance index J 
which represents a quadratic cost function are given in (5.1) and (5.2), 

— = x = Ax + Bu, x(0)=JCo, (5.1) 

at 

/•oo 

J = \\ (x'Qx+u'Ru)dt, (5.2) 

Jo 

where x G R" is the state vector, u G R m is the control vector, A G R" x ", B G R" xm 
are the coefficient matrices, Q G R" xn , R G R mxm are the state and control weighting 
matrices and J is the performance index which is to be minimized, and ' represents 
the transpose of a matrix. 

The control law (5.4) which minimizes J, denoted in this case as an infinite 
horizon performance index, is determined by the solution of an algebraic Riccati 
equation (5.3), 

A'K + KA+KBR- 1 B'K + Q = 0, (5.3) 

where the constant matrix K G R" x " is the solution to (5.3), and the control law is 

u = -R- l B'Kx. (5.4) 

The state equation (5.1) is considered to be a constraint equation which is to be 
satisfied concurrently with (5.2). To assure a solution to (5.3) the pair (A, B) must be 
stabilizable. The solution K is unique and is positive semi-definite if there is a 
matrix C such that Q = C'C and the pair (A, C) is detectable. K is positive definite if 
(A, C) is observable. Also, Q is to be positive semi-definite and R positive definite 
(i.e., Q>0 and R > 0). If Q is selected so that (A, \[Q) is observable then the closed- 
loop system is assured to be stable. A simple example follows which illustrates the 
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application of the LQR method. More detailed material related to LQR control is 
available in [10, 11]. 

In this example, the linearized system is described in (5.5) and (5.6) as 



where 



A = 



x = Ax + Bu, x(0) = [-1 5]', 

y = Cx, 



c = [vTo 0] . 



"o f 


, B = 


y 







i 



(5.5) 
(5.6) 

(5.7) 



For the LQR controller for this system the elements of Q have been chosen to 
emphasize Xi, and with R taken as 7, so that 



6 = 



10 




(5.8) 



The resulting algebraic Riccati equation has the unique positive definite solution 

"7.9527 3.1623" 
K= . (5.9) 



7.9527 3.1623 
3.1623 2.5149 



The resulting control law is 

u = -R- l B'Kx, or u= -[3.1623 2.5149]*. 
The optimal feedback system is then 

X = Ax + Br, y = Cx, 
where 



A = A~BR- l B'K or A = 



1 

-3.1623-2.5149 



(5.10) 



(5.11) 



(5.12) 



and r (= 0) is the system reference. The eigenvalues of A are — 1.2574 ±y 1.2574 
which implies that the system is closed-loop stable as the eigenvalues have negative 
real parts. Figure 5.1 depicts the system showing the optimal feedback. 

In this system the controller acts to drive the system states from their initial 
values x(0) = [— 1 5]' to zero as depicted in Figure 5.2. Had the reference r been 
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Fig. 5.1 System configuration 
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Fig. 5.2 State responses 



other than zero, appropriate adjustments would be made to the u and x terms in the 
cost function (5.2) to account for the shift in the operating point, similarly to what is 
shown later in this chapter wherein the SDRE control is considered. 



5.3 The Augmented SDRE Controller 



The basic SDRE controller has the same structure as the LQR controller except that 
the A, B, and C coefficient matrices in the state and output equations and the Q and 
R weighting matrices in the cost function are state-dependent. While at first glance 
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this may seem to be a fairly simple revision from a theoretical standpoint, a bit more 
reflection will reveal that this certainly is not the case as will be seen in the 
following sections. In fact using analytical methods for the estimation of stability 
and performance, which includes robustness to uncertainties and disturbances, is 
quite difficult and actually not possible in most cases. This is because, as of the 
writing of this book, there has yet to be a comprehensive supporting theoretical 
background for the application of this technique, although there are some results as 
described in what follows. As a result, the application of the SDRE method requires 
the reliance on simulation to verify stability and performance. However, the dearth 
of theoretical support has not impeded progress in the application of this very useful 
method and many highly successful results have been realized when applying the 
basic SDRE technique to a variety of processes, several of which have been noted 
earlier, so that it is becoming recognized as a highly useful nonlinear method for the 
control of nonlinear systems which offers several desirable features that are gener- 
ally not available in other nonlinear control methods. 



5.3.1 Theoretical Background 

While there is an overall absence of supporting theory for SDRE, there are some 
results that are reported which can provide some insight into the existing theory. 
These are presented in this section and in its Appendix which lists several applica- 
ble definitions and theorems. More specific detail regarding the theoretical back- 
ground for SDRE is available in [12-14]. 

In the theoretical treatment it is assumed that the dynamics of a nonlinear plant 
can be described by a state equation (5.13) and an output equation (5.14), 

— = x = a(x) + b(x)u, (5.13) 

at 

V = g(x), (5-14) 

where x <E R" is a vector whose elements represent the individual state variables, 
a(x) £ R n is a state-dependent vector, u S R m is a vector whose elements represent 
the individual control variables, y e R p is a vector whose elements represent the 
individual output variables, b(x) 6 R nxm is a state-dependent matrix, g(x) £ R p is a 
state-dependent vector, with a(0) = 0, g(0) = 0, a(x) = C , and g(x) = C . By 
factorizing 1 the state-dependent vectors a(x) into A(x)x, g(x) into C(x)x, and with 
b(x) = B, the above becomes a form resembling linear state space equations, 



'it is known [16] that if a(0) = 0, and a(x) 6 C',an infinite number of such factorizations exist, 
and similarly with g(x). 
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x = A(x)x + Bu, x(0)=A- , (5.15) 

y = C(x)x, (5.16) 

where A(x) £ R nx " is a state-dependent matrix, C(x) £ R pxn is a state-dependent 
matrix, B(y^ 0) £ R nxm is a constant matrix, with x, u, and y as noted previously. 
Similar to the LQR problem the optimal control problem in the SDRE method is to 
minimize the performance index 



/■oo 

/ (x'Q(x)x+u'R(x)u)dt, (5.17) 

Jo 



with respect to the control vector u, subject to the constraint (5.15), where Q(x) and 
R(x) are state-dependent weighting matrices, with Q(x) > 0, R(x)>0, and 
a(x), Q(x), R(x) <E C k , k > 1, for all x in the control space. 2 The objective of 
(5.17) is to find a control law which regulates the system to the origin. 

The method of solution is first to find a factorization of a{x) such that (5.13) can 
be expressed in the form of (5.15). Then, similar to the LQR method, the state- 
dependent algebraic Riccati equation 

A'(x)K(x) + K(x)A(x) - K(x)BR- l (x)B'K(x) + Q(x) = 0, (5.18) 

is solved pointwise for K(x) resulting in the control law 

u = -R- 1 (x)B'K(x)x, (5.19) 

where K'(x) = K(x) > 0, for all x. In order to insure a solution to (5.18) at each 
point, the method requires that the pair (A(x),B) be pointwise stabilizable for all x. 

Asymptotic stability for all x must be confirmed by simulation as there is no 
useful theory which assures it, except for certain special cases [13]. Local asymp- 
totic stability is assured by theorem as developed in [15] and as noted in the 
Appendix. It also should be noted that, even though the SDRE technique produces 
a closed-loop system matrix which has its eigenvalues in the open left-half plane for 
all x, this does not assure global asymptotic stability. This is shown by the following 
interesting example [17]. 

Considering (5.20) which represents the closed-loop dynamics of a plant cou- 
pled to an SDRE controller with control law (5.19), 

x = a cl (x), jci(0) = 2, jc 2 (0) = 2, (5.20) 



2 Unless noted otherwise, when the expression "for all .v" is used, it is intended to mean "for all x in 
the control space". 



124 5 Advanced Control: The Augmented SDRE Technique 

where x £ R 2 is the state vector, a c i(x) £ R 2 is a state-dependent vector, X\ and x 2 
are the elements of x, with 

a c i,i{x) = —X\ + x\x2, (5.21) 

«d,2(X) = -xi. (5.22) 

Factorizing (5.21) in the form a c i(x) — A c i(x)x gives 



A cl (x) 



1 x\ 



(5.23) 



-1 
The eigenvalues of A c \(x) are (— 1, —1) for all x. The solution to (5.20) is 

* 2 (*) = 2e - '. (5.25) 

As easily can be seen, as t — > logy/2, x — > oo, which implies that the system is 
unstable even though all eigenvalues lie in the open left-half plane. 

The optimality of systems controlled by the SDRE technique method has been 
examined and a necessary condition for optimality has been derived using the 
Lagrange multiplier technique for the case where b(x) £ R nxm in (5.13) is a state- 
dependent matrix. For the case of interest herein where b(x) is a constant matrix 
B £ R ,vcm the derivation is similar. In the Lagrange multiplier method which is based 
on Lagrange theory using the calculus of variations, a Hamiltonian function is formed 
from the cost function (5.17) and the nonlinear constraint (5.15) as 

H(x, u, X) = \{x'Q{x)x + u'R(x)u) + l'(A(x)x + Bit), (5.26) 

where ), £ R" is a Lagrange multiplier. Using the Hamiltonian function, the neces- 
sary conditions for optimality of a nonlinear controller can be derived in the form of 
a state equation (5.27), a costate equation (5.28), and a stationarity condition (5.29), 

Vjt# = i, (5.27) 

V X H=-X, (5.28) 

V„// = 0. (5.29) 

Solving (5.27), (5.28), and (5.29) as in the Appendix results in a necessary 
condition (5.30) for the optimality of the SDRE controller, i.e. if this condition is 
satisfied, the necessary conditions for optimality of the nonlinear controller also are 
satisfied, 
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K(x)x + i(V V. v Q(x)x + xK{x)BR- l {x)\J x R{x)R-\x)B'K{x)x) 

+ x J V x A'(x)K(x)x = 0, (5.30) 

where the computation of x J W x Q(x)x and other gradient functions of (5.30) are as 
described in the Appendix. In general this condition is satisfied only for a unique 
A(x), which is difficult to determine unless the optimal cost function is known a 
priori. However, if the matrix functions A(x), K(x), Q(x), and R(x), and their 
gradients W x A(x), V v A"(x), W x Q(x), and \7 x R(x) are bounded for all x, and under 
global asymptotic stability, then as shown in [15] the state trajectories converge to the 
optimal state trajectories as the states are driven to zero. This is taken to be a near- 
optimal (i.e. a suboptimal) condition in a neighborhood of the origin. 

As can be seen from the foregoing the useful theory is scant for assuring global 
asymptotic stability and for predicting performance, including robustness to uncer- 
tainties and disturbances, and therefore concerns regarding these issues must be 
resolved on a case basis by simulation. Additionally, in the case of the tandem cold 
rolling process, the process itself is quite large, is highly nonlinear with significant 
time delays that vary considerably with the mill speed, and there are major uncer- 
tainties and disturbances that must be mitigated by the controller. Moreover, there is 
the requirement that the controller be user-friendly, which implies that it promotes the 
use of physical intuition in the design process and is easy to tune for commission 
personnel who have limited backgrounds in advanced control theory. The next 
section considers how these issues are addressed in the augmented SDRE technique. 



5.3.2 Considerations for the Application to Tandem 
Cold Rolling 

As has been previously mentioned, the characteristics of the tandem cold rolling 
process that make it an especially challenging control application are its large size, its 
nonlinearity, the multiple and significant time delays whose values change consider- 
ably with the mill speed, the major disturbances plus a broad range of uncertainties 
both of which change with the operating point, with the product being processed, and 
with the changes in the mill characteristics that occur during normal processing 
operations. Additionally there is the need for the controller to be user-friendly to 
design and commissioning personnel. In this section it is shown how a controller 
using the basic SDRE method with augmentations handles these requirements. 

In tandem cold rolling generally the operating point of the process is established 
by the production schedule which is based on the capabilities of the mill to process a 
particular product. It is the function of the mill controller for centerline thicknesses 
and tensions to reduce excursions in these variables from their desired values at the 
operating point during the various regimes of mill operation and in the presence of 
disturbances and uncertainties. In the case of the SDRE method, the performance 
index is modified to account for a non-zero operating point by the introduction of a 
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variable z which changes the coordinates to correspond to a particular operating 
point, 

z = x-x op , (5.31) 

where z£R",xeR" is the state vector, with x op € R" being a vector whose 
elements represent the values of the individual state variables at the operating 
point. The cost function then is modified to be 

/•oo 

J = U (z'Qz +(u- u op )'R{u - u op ))dt, (5.32) 

Jo 

where u € R m is the control vector, and u op £ R m is a vector whose elements 
represent the values of the individual control variables at the operating point. For 
simplification the weighting matrices are taken initially as diagonal matrices with 
tunable constant elements. The operating point will change with the mill speed and 
the product being processed. For a given product, certain elements of x op and 
u op are changed during a speed change, as shown in Table 5.1, where the variable 
assignments for the state, control, and output vectors of Table 2.1 are repeated in 
Table 5.2 for the reader's convenience. The remaining elements of x op and u op are 
taken for this evaluation as remaining unchanged during the speed change. 

The controller must mitigate the effects of both external and internal distur- 
bances in the presence of uncertainties. As initially described in Section 3.2, the 
external disturbances include changes in the strip thickness and the strip hardness at 
the mill entry, both of which arise mostly from previous processing in the hot 



Table 5.1 Operating point Variables associated with 

variables associated with x op 
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»«/> 
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Table 5.2 Variable assignments for state, control, and output vectors (Table 2.1) 
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rolling area. In instances where the slabs originate in a reheating furnace, certain 
changes in thickness and hardness are caused by colder areas in the slabs prior to hot 
rolling. These colder areas result from contact of the hot metal with the support skids 
in the reheat furnace, and occur even though this effect (referred to as skid chill) is 
reduced considerably by rocking the slabs on the skids. Thus when processed in the 
hot mill, the slabs have gradients in temperature which cause variations in thickness 
and hardness to be rolled into the strip. These variations are approximately periodic, 
with thickness and hardness changing essentially in phase with each other. 

In the case of mill entry thickness, disturbances also result from the eccentricity 
effects of the hot mill rolls. The so-called roll eccentricity is actually a combination 
of effects (Section 3.5) which results in a cyclic variation in the strip thickness 
during rolling. The frequency of this variation is much higher than that of the 
variation in thickness caused by the skid chill effect as can be seen in Figures 3.1 
and 3.2 which depict typical disturbances in entry thickness and in entry hardness at 
a typical run speed and at a typical thread speed. Internal disturbances are eccen- 
tricity effects of the cold mill rolls which are addressed separately in Section 5.3.4. 

The major uncertainties are those in modeling and in measurement as described 
in Section 3.2. Table 3.1 lists typical modeling uncertainties and Table 3.2 lists 
typical uncertainties in measurement. Uncertainties in the model and in the mea- 
surements of process variables can result in undesirable deviations in the stand 
output thicknesses and in the interstand tensions from their values at an operating 
point, and thus a strong robustness to these uncertainties is essential. 

Both disturbances and uncertainties are modeled as what they are and where they 
are. Their combined effect is represented as a change in the elements of the A(x) 
matrix and a change in the elements of the C(x) matrix, so that (5.15) and (5.16) 
become 

x = A(x)x + 8A(x)x + Bu, x(0) = x , (5.33) 

y = C(x)x + SC(x)x, (5.34) 

where SA(x) £ R" xn is a matrix whose elements are changes in the elements of A(x) 
and similarly for 8C(x) £ R px ". 



5.3.3 Controller Configuration 

During the initial investigation [18] of the SDRE method for control of the tandem 
cold mill, consideration was given to using the basic SDRE structure without 
augmentations. A brief review of this initial investigation is included to provide 
some insight into the functioning of the augmentations and how they contribute to 
the final control of the system. 
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5.3.3.1 Initial System Configuration 

The initial system configuration which is depicted in Figure 5.3, is based on the use 
of the modified state and output equations (5.33) and (5.34) with the control law 
revised to include the variable z (5.31) which effects a coordinate shift to account 
for the non-zero operating point, 



U = -R- l B'K(x)z. 



(5.35) 



In this simulation the elements of matrices A(x), B, and C(x) are determined as 
noted in Section 5.3.3.5, with the weighting matrices Q and R initially taken to be 
diagonal with tunable constant elements, so that the algebraic Riccati equation is 
modified to be 



A'(x)K(x) + K(x)A(x) - K{x)BR- l B'K{x) + Q = 0, 



(5.36) 



where the state-dependency of the solution K(x) is retained. In the initial system 
depicted in Figure 5.3 x op represents the states at the operating point and Uf G R m is 
a vector whose elements represent the variables computed by the control law (5.35). 
For this initial investigation it was assumed that the algebraic Riccati equation 
(ARE) could be solved fast enough to properly control the mill. The actual method 
of solving the ARE sufficiently fast is addressed in Section 5.3.3.7. 

The mitigation of the effects of disturbances in the incoming strip thickness and 
hardness is an important function of the controller. To determine the capability for 
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Fig. 5.3 Initial system configuration without augmentations 
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the controller depicted in Figure 5.3 to perform this function, an initial simulation 
was performed with the disturbance in mill entry thickness as shown in Figure 3.1 
applied with the mill at run speed (1,220 m/min). For this initial simulation the 
interstand time delays were taken to be zero. With no other disturbances or 
uncertainties applied several adjustments in the elements of the matrices Q and R 
were made to attempt to reduce the magnitude of the peak excursion in the 
centerline thickness at the exit of stand 1. The lowest peak excursion that could 
be realized was about 2%, which was considered unacceptable. Additional states 
then were added to the model to approximate the interstand time delay as a series of 
four first order lags, and the simulation repeated. With adjustments made in the Q 
and R matrices under the same conditions as previously, the magnitude of the 
excursions was much better, about 0.2% which was mostly attributed to the setting 
of the appropriate diagonal element in the weighting matrix Q to penalize the added 
state that represented the input thickness to stand 2. While this was a significant 
improvement, it required the addition of 16 states for the entire mill. Additionally, 
the error in using this approximation to the time delay was considered less than 
acceptable. Using other methods which could improve the approximation of the 
time delay would add even more states. 

The initial simulation with the time delays at zero was repeated, except with no 
disturbances and with the uncertainties listed in Table 5.3, each applied separately 
and then concurrently in a manner to simulate more severe conditions. The results 
as summarized in Table 5.3 also are unacceptable and are expected to be worse 
during changes in mill speed. 

The addition of 16 or more states is unacceptable for mitigating disturbances and 
uncertainties, as is the addition of an outer loop thickness trim using a BISRA 
method to estimate the output thicknesses. This is due to the uncertainty in the mill 
modulus plus the effects of eccentricity in the mill rolls. An interim solution is the 
addition of very high accuracy (uncertainty of +/— 0.025%) laser-based strip speed 
sensors at the entry of mill stands 2, 3, 4, 5 and at the exit of stand 5 to estimate the 
output thickness using mass flow techniques, with a subsequent outer loop trim 
based on the thickness estimate. This type of high quality speed sensor is in use 
successfully at several installations and has proven reliability but requires addi- 
tional maintenance efforts. However, the additional maintenance is considered 
acceptable if a significant improvement in the quality of the final product can be 
realized. Further simulations as in Section 5.4 have confirmed this improvement in 
quality. 



Table 5.3 Effects of 
modeling uncertaintie 
stand 1 output thickness 



Variable Uncertainty Magnitude of maximum percent 
modeling uncertainties on change in stand j output thickness 



/' 


20% 


0.7% 
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25 


4.5 


M 


-10 


2.6 



\jl, k, M (concurrently) 6.0 
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With the speed sensors added and the closed-loop trims configured, initial 
simulations were performed with the time delays simulated using the variable 
time delay function in Simulinkr and with the outer loop thickness trim enabled. 
These initial simulations were quite successful as almost negligible excursion in the 
output thickness was observed. This is because all of the more significant uncer- 
tainties are inside the closed loops of the trims, and therefore are mitigated by the 
closed-loop control action. By setting the appropriate elements of the Q and R 
matrices a stronger emphasis then was given to the states representing interstand 
tensions which significantly reduced the excursions in the tensions. A slightly 
further reduction in the tension excursions was achieved by the addition of a second 
outer loop trim on the tension reference, which also offered some additional 
advantages which are described later in this chapter. 



5.3.3.2 Basic Controller Structure 

Based on the results of these initial simulations a basic structure of the controller 
(Figure 5.5) was established for further evaluation. Figure 5.4 depicts the configu- 
ration of a five-stand stand-alone mill with the strip speed sensors added. 

The added trims for the thickness and the tension are as shown as in Figure 5.5. 
In Figure 5.5 y„, represents the measureable elements of the output vector y, V,„ , 
(/ = 2,3,4,5) are the measured strip speeds at the inputs of stands 2, 3, 4, and 5, V uts 
is the measured strip speed at the output of stand 5, h out \ m and h ou ,s m are the 
measured strip thicknesses at stand 1 and stand 5, y e <E R p (p — 14) is a vector 
whose elements are estimates of the elements of y, <p is an algorithm which uses 
h urim, hgutsm, Vin.i, V ut5, ym> and the measured values of certain variables represented 
by the elements of the state vector x to generate y e , K r £ R mxp (m — 10, p — 14) and 
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Fig. 5.4 Five stand stand-alone tandem cold mill with added strip speed sensors 



3 Simulink is a registered trademarks of The Math Works, Inc., Natick, MA 01760-2098. 
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Fig. 5.5 System configuration with trims as augmentations 



K p G R'" xp are matrices whose elements are zero except for elements (j,j), 
(j = 1 ,2,3,4,5), which are the gains for the integral and proportional thickness 
trim functions for each stand. 



5.3.3.3 Strip Thickness Estimation 

Under steady-state conditions and with almost constant strip width, the strip 
thickness at the output of a mill stand can be estimated using conservation of 
mass flow across the roll gap as 



n in,i v in.i 

y oui.i 



(i = l,2,3,4,5), 



(5.37) 



where k ie is a correction factor to adjust for small errors in the estimated output 
thickness caused by spreading of the strip, reduction in the strip width, and other 
effects. Substituting the strip speed at the input of the next stand for the output strip 
speed gives, for stands 2,3, and 4, 
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houu^^j^k^, (1 = 2,3,4), (5.38) 

with (5.37) and ; = 5 being used for stand 5. This substitution, which eliminates the 
need for a speed sensor at the output of the stands 2, 3, and 4, results in very little 
error in the estimation of the output thickness as shown by simulation in Sec- 
tion 5.4.2. In addition, the simulation also has confirmed that using the relationship 
(5.38) during transient conditions does not cause significant error in the estimation 
of the output thickness. During operation, a separate mill adaptation system deter- 
mines the correction factors k ie . For example, a possible method for setting k 5e 
would be to compare the uncompensated mass flow computed thickness 

hout5mf = TT—hinSe, (5.39) 

*out5 

as tracked from the mill stand to the thickness gauge, against the measured 
thickness h outSm , and then use smoothing functions based on the previous estimates 
of k 5e . The adjustment for stand i (i — 2,3,4), is estimated by using the adjustment 
determined for stand 5 as modified by the scheduled input/output thickness ratios 
for stand i. The effects of k ie on the error in the mill exit thickness are considered in 
Section 5.4.5. 

The physical location of the thickness gauge at the exit of stand 1 causes a time 
delay in the measured thickness of the strip exiting the stand, and similarly for stand 
5. Values of this time delay at a typical run speed and at a typical thread speed are 
given in Table 5.4 for a typical gauge location of 1 m from the stand. 

Because of the time delay in the thickness measurement, faster transient errors in 
thickness at the exit of the stand will result in greater deviations in thickness from 
the operating point value than if there were no time delay. To partially compensate 
for this at stand 1, a BISRA estimate (3.38) of the thickness at the exit of the stand is 
made, which then is trimmed by the difference between the measured thickness and 
a previous BISRA estimate delayed by the time delay, as depicted in Figure 5.6. 
The integral gain K H imX is set intuitively and is confirmed by simulation. Thus there 
is some immediate correction for faster transient errors while the steady- state 
thickness is held to the desired operating point value. 

As part of the algorithm cf> v the BISRA estimate is 



Table 5.4 Values of time 
delay from stand 1(5) to the 
downstream thickness gauge 
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Fig. 5.6 Stand 1 output thickness estimation 

where x 5 is the stand 1 position actuator position, So is the intercept of the linearized 
portion of the mill stretch curve for stand 1, F\ m is the measured total roll force for 
stand 1, andM le is the estimated mill modulus for stand 1. The effects of backup roll 
eccentricity are addressed in Section 5.3.4. In Figure 5.6, the notation h out \ e (y\ e ) 
indicates that the variable h outXe is represented by element 1 of vector y e , and 
similarly for other variables represented by the elements of y and y e . In Figure 5.6, 
the time delay from stand 1 to the thickness gauge is represented as a. The tracking of 
thickness in the controller from stand 1 to the thickness gauge is represented as a 
time delay 



'-'ml 

v~ 2 ' 



(5.41) 



where L mX is the distance from stand 1 to the thickness gauge, and V,„ 2 is the 
measured strip speed at the input of stand 2, which very closely approximates the 
strip speed at the output of stand 1 and is used for the tracking of the thickness. As 
noted previously, the BISRA estimate is very sensitive to uncertainties in the 
estimated mill modulus M Xe . To reduce the effects of this uncertainty, M le is 
estimated by applying a BISRA relationship for an element of strip at the thickness 
gauge as 



Kut\m{t) = x 5 (t - a e ) + S + 



F\ m {t-a e ) 
Mi{t-a e ) 



(5.42) 



or by rearranging 



Mi(t-a e ) = 



F lm (t — a e ) 



h ut\m(t) — x$(t — a e ) — So 



(5.43) 



and approximating M le (t) as 



M u {i)9tMi{t-a,), 



(5.44) 
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where F lm (t — a e ), x 5 (t — a e ), and M x (t — a e ) are the variables F lm (t), x 5 (t), and 
M\ (?) delayed by a e . As noted earlier, changes in M x are mostly the result of changes 
in the backup roll diameter due to mechanical wear and heating effects, which occur 
slowly compared to the time delay a e . Thus it is reasonable to approximate M le (t) 
by M x (t - a e ). 

The measured thickness h outlm is tracked in the controller from the thickness 
gauge at the exit of stand 1 to stand 2 using the measured strip speed V,-„ 2 , so that the 
input thickness at stand 2 is determined as 

hi„2e(t) = h ou ,i m {t - (Tdl2 - a c )), (5.45) 

where %d\2 is the estimated time delay (2.28) between stand 1 and stand 2. Then 
using (5.38) the output thickness at stand 2 is estimated in the controller as 

Kutle = —n he- (5.46) 

Similarly the thickness at the input to stand 3 can be estimated in the controller 
by using the measured strip speed at the input of stand 3 to track the thickness from 
stand 2 to stand 3, so that the input thickness at stand 3 is approximated by 

hi„3e(t) = h oul2e (t - T f/ 2 3 ), (5.47) 

where t^23 is the interstand time delay (2.28) between stand 2 and stand 3. Using 
(5.38) to estimate the stand 3 output thickness gives 

houtle = —r, he- (5.48) 

The output thickness at stand 4 is estimated in a similar manner. The output 
thickness at stand 5 is estimated as in (5.37) with i — 5, where V in s and V out $ are 
measured variables. In the case of stand 5, both the estimate of the output thickness 
h out5h and the thickness measurement just downstream of the stand are used in a 
configuration similar to that of stand 1, as depicted in Figure 5.7, to obtain the 
thickness estimate h out5e (y 5e ), where h „ tSh is computed as 

houtSb = '"" '" he, (5.49) 



with h jnSe approximated by 

hin5e(t) = h ou ,4 e (t - T M5 ), (5.50) 

and where tj 45 is the interstand time delay between stand 4 and stand 5. 
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In Figure 5.7 the time delay from stand 5 to the thickness gauge is represented as b. 
The tracking of thickness in the controller from stand 5 to the thickness gauge is 
represented as a time delay 



LmS 

V ou t5 



(5.51) 



where L m5 is the distance from stand 5 to the thickness gauge, and V out $ is the 
measured strip speed at the output of stand 5 and is used for the tracking of the 
thickness. As in the case of stand 1, the integral gain K g in ,s is set intuitively and is 
confirmed by simulation. 



5.3.3.4 Interstand Tension Trims 

The elements of the Q and R matrices are set to reduce excursions in the interstand 
tensions. These excursions are reduced further by the addition of operating point 
trim functions as depicted in Figure 5.8. 

In Figure 5.8 x opi (i — 1,2,3,4) is an element of the vector x op which represents 
the operating point for the interstand tension for stands i,i + 1 . The reference for the 
interstand tension for stands i,i + 1 is <r, - i+1 re f, x t is the is the element of the state 
vector which represents the measured interstand tension for stands i,i + 1 , and K u+ ; is 
a gain term for these stands which is set intuitively and confirmed by simulation. 
The system configuration (Figure 5.5) includes the algorithm <p r which implements 
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the interstand tension operating point trims for elements x opi (i — 1,2,3,4) of the 
X op vector, and provides a direct feed-through for elements x opi (i — 5,. . .14) of 
the x op vector. The capability of the operating point trims to provide significant 
reductions in the excursions in the interstand tensions is shown in the simulation 
of Section 5.4. 



5.3.3.5 Determination of the Elements of the A(x), B, and C(x) Matrices 

The matrix A(x) £ R"™(n =14) results from a nonunique factorization of a{x) in 
(5.15) into A(x)x. The property of nonunique factorization allows for design flexi- 
bility in determining the elements of A(x), which is a desirable feature of the SDRE 
method. Moreover, the matrix A(x) can be parameterized into A(x, a) where a is a 
vector of free design parameters, which adds even greater flexibility. In the case of 
the modeling of the tandem cold rolling process, the vector a was unnecessary and a 
simple representation A(x) was used [19]. The resulting nonzero elements of A(x) 
are as shown in Table 5.5 where the notation for the variables used is per Chapter 2. 
In Table 5.5 the variables V outi and V,„ , can be shown to be functions of x as 
described in the Appendix. 

The nonzero elements of the constant matrix B £ R" xm (n — 14, m = 10) are 
shown in Table 5.6. 

The nonzero elements of the matrix C(x) £ R px "(p = 14, n = 14) are shown in 
Table 5.7. 
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Table 5.7 Expressions for 
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Fig. 5.9 Five-stand continuous tandem cold mill with added strip speed sensors 

5.3.3.6 Application to Continuous Mills 

The improvements realized in the use of the augmented SDRE technique for control 
of the stand-alone mill carry over well to the control of the continuous mill. The 
requirements described in Chapter 3 for control during the change of product on the 
fly using conventional methods also are applicable for control using the augmented 
SDRE method. In the case of the continuous mill high accuracy speed sensors are 
added as in the stand-alone case, except with an additional strip speed sensor 
located at the entry of the mill for tracking of the strip thickness from the thickness 
measurement at the mill entry to the first stand, and for weld tracking. Figure 5.9 
depicts the configuration of the continuous mill with the added strip speed sensors. 
The control for the stand-alone mill previously described using the augmented 
SDRE method is modified to add logic for reference switching as shown in 
Figure 5.10. The controller references during the transition from one coil to the 
next are switched essentially as described in Chapter 3. Section 5.4.4 presents the 
results of simulations which demonstrate that the improved controller performance 
of the SDRE technique when applied to the stand-alone mill also carries over well 
to the continuous mill. 



5.3.3.7 Considerations for Actual Usage 

In an actual usage, generally the controller is discretized and implemented in a 
manner to be user-friendly to commissioning personnel whose background usually 
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Fig. 5.10 System configuration for continuous tandem cold mill 

is based on the basic techniques of continuous control theory, so that the discretized 
system looks and behaves very much like a continuous controller. Often more than 
one digital scan is utilized, where the control of the mill is performed in a main scan 
running fast enough to assure proper control of the process, with any auxiliary scans 
running asynchronously and usually at slower rates for control of supportive 
auxiliary functions whose update times can be longer than the time required for 
updating the main scan. 

Of particular interest in the update time of the main scan is the solution of the 
algebraic Riccati equation (ARE). It is expected that the controller should be 
sufficiently fast to provide a solution to the ARE during each main scan, or alterna- 
tively during an auxiliary scan which runs concurrently with the main controller 
scan. If such an auxiliary scan is used, it could be asynchronous to the main scan 
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since a solution to the ARE with high accuracy is unnecessary for this application. At 
present the update time for a typical main scan of an industrial controller for a 
tandem cold rolling application is about 10-15 ms, which includes the time for the 
actual controller update, the time for running any necessary auxiliary functions that 
are precluded from running in slower auxiliary scans, and any overhead required for 
processing. 

To accommodate the timing requirement for solving the ARE, the matrix sign 
function technique [20] was investigated [19] as a possible viable method for 
implementing the solution in a controller applied in a real-world setting. The results 
of simulations performed showed that this method of solving the ARE was quite 
successful, as the time for solution was about 4 ms using MATLABXSimulink 4 
running on recent software and hardware platforms, which leaves enough time for 
the remainder of any other tasks needed to be performed during the main scan. Also, 
the solution time determined during the simulations is consistent with the capabil- 
ities of modern industrial controllers. It is expected that as the computational 
capabilities of industrial controllers continue to improve, the times for solving the 
ARE online will become even faster, so that issues related to the online solution of 
the state-dependent Riccati equation will continue to be of negligible concern for 
this application. 

In the actual usage of the controller the trims provide a simple and user-friendly 
means of adjustment during commissioning, as there is a one-to-one relationship 
between the trim adjustment and the function being adjusted. Additionally, it is 
necessary that capability be available to allow the operator to independently adjust 
the interstand thicknesses and the tensions anywhere in the mill. The one-to-one 
independent relationship between the trim reference adjustment and the variable 
being adjusted provides this capability. The results of simulations as described in 
Section 5.4.2 show that useful ranges of adjustment for this function can be made by 
using the trims. 



5.3.4 Eccentricity Compensation 

The implementation of the augmented SDRE controller assumes that there is 
complete compensation of the eccentricity in the backup rolls and the work rolls 
of the tandem cold mill. The development of a method to adequately compensate 
for the eccentricity in each of the rolls under all conditions of operation requires 
extensive effort that is outside the scope of the work described in this book. 
However, as numerous papers, patents, and theses describing various methods of 
eccentricity compensation have been published with successful implementations 
reported, it is assumed that a method of compensation exists, or could be developed, 



4 MATLAB and Simulink are registered trademarks of The MathWorks, Inc., Natick, MA 01760- 
2098. 
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to fit within the framework of the SDRE controller and be effective in rejecting the 
internal disturbances caused by roll eccentricities. To justify this assumption, a 
technique described in [21] and reported to be implemented successfully in an 
actual operating multi-stand mill is used as a basis for a conceptual method [18] that 
compensates for the eccentricity of a backup roll, and has the potential for expan- 
sion to compensate for the eccentricities of the other backup rolls and the eccentri- 
cities of the work rolls in the mill. The concept is verified by the simulation 
described in Section 5.4.3. 

The roll eccentricity modifies the BISRA relationship (3.38) to add a term to 
account for the eccentricity as 



Km = S + Sr, 



F 
M 



e, 



(5.52) 



where e is the roll eccentricity. The conceptual method for compensation of e is a 
form of adaptive noise cancelation that relies on the fact that the backup roll 
eccentricity is always periodic with a frequency that is proportional to the measured 
angular velocity of the roll, so that there is correlation between the eccentricity and 
a sinusoid generated from the measurement of the roll angular velocity. 

In general, adaptive noise cancelation is a technique that relies on the correlation 
between the noise in a noisy signal and the measured noise generated by a separate 
source. The concept, as described in various texts [e.g., 22, 23], is depicted in 
Figure 5.11 and is used in the discretized eccentricity compensation (Figure 5.12) 
which interfaces with the SDRE controller that is discretized for actual usage. 
In Figure 5.11 n represents the discrete time step, V\(ri) and v 2 («) are correlated 
noise sources, the signal v(«) is uncorrelated with Vi(ra), V2(«), and vi(n), where 
vi (m) is the output of the LMS (least mean square) adaptive filter, and it is assumed 
that V2(«) contains no components of y(n). 

The LMS adaptive filter uses v 2 (n) to predict Vj («). The following relationship as 
depicted in Figure 5.11 is applicable, 



e /(«) = K«) = y( n ) + ( v i(«) - vi(n)), 



(5.53) 
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Fig. 5.12 Position controller realization with active eccentricity compensation, based on [21] 



where e f - («) is the error signal applied to the adaptive filter. Squaring and taking 
expected values gives 



E[e 2 f (n)} = E\y 2 (n)} = E[y 2 (n) + £[(v,(«) - h{n)f 



(5.54) 



where it is noted that the term 2E\y(n)(v\(ri) — Vi(«))] is zero because y(ri) is 
uncorrelated with Vi(«) and Vi(«), and therefore is not shown in (5.54). The LMS 
adaptive filter will adjust itself to minimize E[ei{n)\ and thus minimize E[{y\ («) — 
vi («)) ] while not affecting y(n), which reduces the noise in the output signal y{n). 
The position actuator controller for a mill stand is taken as an inner control loop 
for the displacement of the hydraulic spool with a nonlinear inner controller 
coupled to a linear outer control loop. A factorization approach [21] results in a 
realization, to which is added the LMS adaptive noise cancelation algorithm, as 
depicted in Figure 5.12. In Figure 5.12, s is the position actuator reference, y is the 
position feedback, co is a signal whose frequency is proportional to the measured 
angular velocity of the roll, d is the eccentricity disturbance, Y LMS is the input to 
LMS algorithm, U LM s is the output of the LMS algorithm, P u is a bounded-input- 
bounded-output-stable (BIBO-stable) transfer function which describes the input- 
output linearization obtained by an input transformation in the nonlinear controller, 
Pch Qu K L , and C c / are BIBO-stable transfer functions where Cj is determined such 
that \Cd{j(o)P u {jo3) — 1 1 is nearly zero in the range of frequencies pertinent to the 
roll eccentricity. The intent is that the disturbance signal P d d is canceled by the 
signal P u CJJ LM s so mat me output y is essentially eccentricity free and the changes 
in the strip thickness due to the eccentricity are reduced. 
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Further insight into the use of the LMS algorithm in the eccentricity compensa- 
tion can be gained by comparing the signals in Figure 5 . 1 2 with those in Figure 5.11. 
In Figure 5.12 the signals Y LMS , P u CJJlms^ an d Pd d correspond to the signals e/(n), 
Vi(«), and v,(«), respectively, in Figure 5.11, with y(n) being zero, and a sinusoid 
generated using the frequency co corresponding to V2(«). Thus the estimated eccen- 
tricity signal P u CJJ LM s, corresponding to the estimated noise signal \'i(n), is 
subtracted from the eccentricity signal P d d, corresponding to the noise signal 
Vi(n), to reduce the eccentricity component in the output y. In addition, it is assumed 
that the eccentricity noise in the signal representing roll force, and any remaining 
eccentricity noise in the signal representing actuator position, are reduced by 
adaptive filtering techniques [e.g., 24], so that the signals representing roll force 
and actuator position both have negligible eccentricity components. The effects on 
eccentricity compensation caused by changes in roll diameter due to heating and 
mechanical wear, and by harmonics in the eccentricity waveform, are addressed in 
the simulations (Section 5.4.3). This method can be extended to estimate the 
eccentricity of the other backup roll and the eccentricities of the work rolls by 
using the signal co to generate sinusoids of appropriate frequencies. 



5.3.5 Brief Evaluation of Other Advanced Methods 

Chapter 4 presented two advanced methods for control of the tandem cold rolling 
process. This section provides a brief summary of the strengths and weaknesses of 
each of these. In addition some material describing other advanced methods for 
possible control of this process is included. Of course not every advanced method 
can be considered. Material briefly describing certain other additional advanced 
techniques which could be evaluated for the control of this process can be found in 
[13]. The methods addressed herein are some of those which have been applied very 
successfully to the control of many other industrial processes, and therefore might 
be seen as offering the potential for viable control of this process. The summaries of 
each method are brief and are intended to give an overall picture of some of the 
main features of each of the methods being addressed, which can be evaluated in 
light of the characteristics of the augmented SDRE method as previously presented. 
Criteria that can be considered for evaluation of an advanced method of control for 
the tandem cold rolling process are the following: 

• The control method should result in an improvement in performance over the 
better performing conventional methods during the various regimes of mill 
operation, considering realistic disturbances and uncertainties. 

• It should be able to handle rapid changes in product, especially in the application 
to continuous tandem cold rolling where product changes occur rapidly on the 

fly- 

• It also should provide a controller structure that is user-friendly to design and 
commissioning personnel, most of whom have limited backgrounds in advanced 
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control theory. This is especially important during commissioning as a reduction 
in the startup time is essential to realizing a timely entry into profitable produc- 
tion. 

• It is preferred that it use a nonlinear control strategy to reduce the computation 
required for linearization coefficients that change with operating conditions and 
product. 

• It should conform to other significant criteria that are specific to the method 
being considered. 



5.3.5.1 The H°° Loop Shaping Approach 

The H°° loop shaping approach is described in Section 4.3. In Section 4.3.5 com- 
ments on this approach are included. As noted therein, simulation based on the use 
of the H°° loop shaping approach has realized an improvement over the simulation 
of a conventional method for operation at a certain operating point and during speed 
change from run to thread and the reverse. However, this capability was demon- 
strated with only one product. The redesign for a variety of different products would 
require an online update for the selection of suitable weights for each product or 
group of products. Selection of these weights could require considerable additional 
design effort to accommodate continuous tandem cold rolling where product 
changes occur quite rapidly, which would require rapid changes in the controller. 
This puts a greater burden on the control designers who often have a limited 
background in advanced control theory, particularly in the selection of weights, 
as the choice of suitable weightings is not a simple task and requires some experi- 
ence and intuition in this area. Moreover, accommodating the change in speed 
could require the gain scheduling of several controllers which adds to the design 
complexity. As noted in Section 4.3.5 these complexities, plus the inherent com- 
plexity of a MIMO controller that includes dynamics, poses difficulties in tuning, 
especially to most commissioning personnel who have very little or no background 
in advanced control theory and are accustomed to simpler configurations, such as a 
one-to-one relationship between a tuning adjustment and an associated process 
variable. In addition, a linearized model is required. 



5.3.5.2 An Observer-Based Method for MIMO Control 

This method is described in Section 4.4, with comments in Section 4.4.5. 
An improvement in performance over a conventional method has been realized in 
an actual application on a two-stand mill. The major improvement noted in this 
method is the reduction in deviations in the mill output thickness during speed 
change, with only slight improvement in the reduction of deviations during steady 
speed. The ability to handle rapid changes in product was not addressed in the 
description but could require the development of additional algorithms for establishing 
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controller settings for the next product prior to the transition between products, and 
to implement the new settings during the transition. The controller complexity 
could present difficulties in tuning at commissioning. Additionally, while improved 
performance during speed change has been realized, further improvement during 
speed change and steady speed might be achievable if the time delays were included 
in the actual model and the disturbances and uncertainties were treated separately. 
The two-stand configuration uses a thickness measurement between the stands 
which is inappropriate for most tandem mills with additional stands, as a thickness 
measurement usually is not used between each pair of adjacent stands due to space 
limitations and the high cost of the additional measurement systems. A linearized 
model is required. 



5.3.5.3 Model Predictive Control 

Model predictive control techniques have been developed for both linear and 
nonlinear applications, with control for the linear applications being the most 
highly developed. The basic idea of model predictive control is that the control 
inputs are determined using an optimization criterion that is developed based on a 
prediction horizon. The system model is used to predict the effects of the future 
inputs on the outputs and on the states of the system. More specifically and 
assuming a discrete implementation, an objective function is formed using the 
process model. A move of the controller is then computed for each of the discrete 
steps in a prediction horizon so as to minimize the objective function, such that 
future values of the outputs and the states are estimated while including the model 
as a constraint in the form of the state equation. However, only the inputs computed 
for the first time step are actually implemented. The prediction horizon is then 
moved forward one time step and the procedure is repeated using the measurements 
that resulted from the first movement of the controller. 

Model predictive control has seen many successful applications in the chemical 
process industries and various other applications. However, while this method has 
several features that could be useful in the control of tandem cold rolling, and some 
methods for reducing the online computation time of this technique have been 
proposed, a controller update time on the order of 10-15 ms presently appears to be 
beyond its capability to assure the desired performance of a large nonlinear fast 
system such as the tandem cold rolling process which has significant time delays, 
uncertainties, and disturbances. In addition, the complexity of the controller would 
result in difficulties in tuning, especially if a nonlinear approach was used. More 
detailed information on model predictive control is found in [25, 26]. 



5.3.5.4 Sliding Mode Control 

Sliding mode control is characterized by a group of feedback control laws and a 
switching function. The input to the switching function is based on some measure of 
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the current system behavior. Based on this input, the switching function produces 
an output that represents the feedback control law that should be used at that 
particular time, i.e. the control law is deliberately changed in accordance with 
some predefined rules that depend on the state of the system. Initially a manifold 
of a dimension lower than that of the original system is determined which can be 
stabilized and made positive invariant by a suitable control input. Then a control 
law is chosen that forces the system states that are not initially on the manifold to go 
to the manifold in a finite time. The control input is switched between an upper and 
lower bound, with the switching logic being determined depending on the distance 
from the manifold. Since the manifold is invariant, once the trajectory gets to the 
manifold it remains there, and there is no longer sensitivity to uncertainties in the 
inputs. The system's behavior when on the manifold, i.e. the sliding surface, is 
denoted as the sliding mode. However, because of process characteristics such as 
time delays and hysteresis effects, the system's states never remain on the manifold 
but repeatedly cross it to produce an effect denoted as chattering. In response to this, 
the control action is modified to force the states to remain within a boundary layer 
around the manifold. The addition of the boundary layer to prevent chattering 
causes the robustness to uncertainties to be reduced somewhat depending on the 
thickness of the boundary layer. 

Sliding mode control has been applied very successfully to many industrial 
applications which require robustness to disturbances and modeling uncertainties. 
In general most of these applications were much smaller than the tandem cold 
rolling process with fewer system parameters, and therefore required simpler 
controller structures. The selection of the boundary layer is important to preclude 
chattering which in the case of tandem cold rolling is unacceptable. In larger 
systems where the system uncertainties and disturbances must be estimated, the 
determination of a boundary layer which is effective in attaining good robustness 
and yet absolutely precludes chattering is difficult considering that most of the 
disturbances and uncertainties cannot be measured, change significantly with 
operating conditions, and interact with each other, which makes this method of 
control less desirable for tandem cold rolling. Additional material on the theory 
and application of sliding mode control can be found in [27, 28]. 



5.4 Simulations 

In this section the results of closed-loop simulations are presented to provide an 
indication of the performance of the augmented SDRE controller when coupled to 
the model of the tandem cold rolling process. Results of other simulations related to 
the estimation of output thickness, eccentricity compensation, and transitions 
between products during continuous tandem rolling also are included. Reports of 
simulations and their results are given in [29-32]. 
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5.4.1 Verification of Performance 

Simulations were done to verify the performance of the controller during the 
various regimes of mill operation and with the disturbances and uncertainties 
previously described. To give some feel for the effectiveness of the trims in 
reducing excursions in thicknesses and tensions, initial simulations were performed 
with no disturbances or uncertainties, with the mill speed being changed from run to 
thread and then the reverse, with the trims configured and with tuning done to 
reduce the excursions in the thicknesses and interstand tensions. The change in 
speed was effected by using a mill master speed reference to change the work roll 
speeds simultaneously in accordance with values calculated based on the product 
reductions, the forward slips as estimated using the model developed in Chapter 2, 
and the mill data given in Chapter 2. Table 5.8 lists the forward slips, output 
thicknesses, and peripheral speeds of each roll at a run speed of 1,220 m/min at 
the mill exit, which corresponds to a 100% of the mill master speed reference. The 
speed reference applied to each work roll speed actuator was proportional to the 
mill master speed reference. 

The master speed reference was shaped to reduce excursions in tensions at the 
start and at the finish of a speed change. The times for speed changes are consistent 
with typical rates for a stand-alone mill. Figures 5.13 and 5.14 show the shape and 



Table 5.8 Mill rolling data at 1,220 


m/min 








Forward slips, output 


thicknesses, 


and roll speeds 


at 1 ,220 m/min 


Stand 1 


2 


3 


4 


5 


Forward slip 0.045 
Output thickness, mm 2.95 
Peripheral roll speed, m/min 625.0 


0.023 

2.44 

772.4 


0.020 

2.01 

940.1 


0.022 

1.68 

1123.0 


0.003 

1.58 

1216.6 



100 

80 

■£ 60 
o 

CD 

0. 40 
20 




Mill 


Master Speed Reference, Deceleration 






















































n 







10 



15 20 

Time (sec) 



25 



30 



35 



Fig. 5.13 Mill master speed reference during deceleration 
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Fig. 5.14 Mill master speed reference during acceleration 



Table 5.9 Deviations in thicknesses and tensions, without disturbances or uncertainties 

Magnitude of maximum percent deviation of variable from operating point value 
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the percent change in the master speed reference during deceleration from run to 
thread, and from thread to run. 

The operating point was as noted in Table 2.2 Production Schedule 1 , with the 
mill and strip parameters taken as in Table 2.3. Operating Point 1 of Table 2.4 was 
also simulated with insignificant difference noted in the results between Operating 
Point 1 and Production Schedule 1 . The settings of the Q and R matrices and the 
gain settings of the trims were made based on physical intuition and a few trials to 
arrive at settings which reduced undesirable excursions in thicknesses and tensions. 
In all cases the eccentricity compensation and the active filtering function were 
assumed to be fully effective so that the effects of eccentricity were taken to be 
insignificant. Table 5.9 summarizes the results, where run speed is 1,220 m/min and 
thread speed is 61 m/min. 

To get a feel of how the excursions in thickness and tension depend on the 
disturbances, the disturbances in the incoming thickness and hardness without 
uncertainties then were applied and the simulations repeated. The results are 
summarized in Table 5.10 and in Figures 5.15-5.22. 
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Table 5.10 Deviations in thicknesses and tensions with disturbances, without uncertainties 

Magnitude of maximum percent deviation of variable from operating point value 

Variable Run speed Thread speed Run to thread speed Thread to run speed 

0.025 
0.011 
0.013 
0.013 
0.010 
0.10 
0.05 
0.04 
0.10 



The uncertainties in modeling and measurement then were applied concurrently 
with the disturbances. The uncertainties were combined with each other and with 
the disturbances in a manner to approximate the more severe conditions which 
include significant excursions in the mill exit thickness plus significant excursions 
in the exit thicknesses of the intermediate stands and in the interstand tensions. The 
results are summarized in Table 5.11. 

The previous simulations were repeated for Production Schedule 2 and Production 
Schedule 3 as listed in Table 2.2. For the case of Production Schedule 2, changes in the 
settings of the Q and R matrices and the trims were unnecessary, and good perfor- 
mance was realized with the settings remaining as in the simulations for Production 
Schedule 1 . In the case of Production Schedule 3 the settings of Q and R remained 
unchanged. The settings of K u , K Pi , K g intl , and K,, „„ 5 were changed slightly to 
improve the performance. The results are summarized in Tables 5.12 and 5.13. 



5.4.2 Verification of the Output Thickness Estimate 
and the Independence of Operator Adjustments 

5.4.2.1 Verification of the Output Thickness Estimate 

The relationship (5.38) for output thickness uses the strip speed V,„,, + i at the input 
of stand i + 1 in place of the strip speed V outi at the output of stand i as in (5.37), i.e. 

^,,=%^£,>, = 2,3,4), (5.55) 



/«,/+! 



is taken as equivalent to 



h- V- ■ 
hout.i = '"'' — ki, e , (i = 2, 3, 4), (5.56) 

*out,i 
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Fig. 5.15 Stand output thickness responses to external disturbances at run speed 



where (5.55) and (5.56) are copies of (5.38) and (5.37) respectively. The relation- 
ship (5.38) is verified by repeating the simulations of Section 5.4.1 with distur- 
bances and uncertainties applied using (5.55), and then assuming that measurements 
of V outi exist, again repeating these simulations with disturbances and uncertainties 
applied using (5.56). The magnitudes of the maximum deviations in the responses 
with (5.55) from the responses with (5.56) give an indication of the validity of 
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Fig. 5.16 Interstand tension responses to external disturbances at run speed 



taking (5.55) in place of (5.56). The results of these simulations are that, using 
(5.55) in place of (5.56), the largest magnitude of the maximum deviation in stand 
exit thickness is negligible {i.e. less than 0.001%) and the largest magnitude of the 
maximum deviation in interstand tension also is negligible which provides the 
justification for using (5.38) in place of (5.37). 
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Fig. 5.17 Stand output thickness responses to external disturbances at thread speed 
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5.4.2.2 Verification of the Independence of the Operator Adjustments 



It is important in the operation of the mill to provide the operator the capability to 
independently adjust a strip thickness or a strip tension anywhere in the mill. This 
capability was confirmed by simulation which showed that an adjustment of 2% in 
the output thickness of any stand resulted in a negligible effect on the steady-state 



152 



5 Advanced Control: The Augmented SDRE Technique 



-0.015 



-0.02 



-0.025 



percent change in interstand tensions from 
operating point values at thread speed (61 m/min) 



Wm 



stands; 1 ,2 
i 




10" 



1 r 

stands; 2,3 





jflfrcy 



WOTMrffW^ %WW 



-0.009 



5 -0.01 



8 -0.011 



-0.012 



W 



stands! 3,4 



5X3 



ff*WtffrWffi 



Vr 




0.054 




300 400 

time (seconds) 

Fig. 5.18 Interstand tension responses to external disturbances at thread speed 



700 



thicknesses and tensions which were not being adjusted. A similar effect was 
verified for adjustment of the tensions, where a 5% adjustment was confirmed. 
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Fig. 5.19 Stand output thickness responses to external disturbances during decel from run speed 
to thread speed 



5.4.3 Verification of the Eccentricity Compensation 



The following assumptions were used to verify performance of the conceptual 
eccentricity compensation technique described in Section 5.3.4: 
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Fig. 5.20 Interstand tension responses to external disturbances during decel from run speed to 
thread speed 



The eccentricity is only in the backup rolls, which have identical eccentricity. 
The work rolls are eccentricity free. 

The diameter of the backup rolls is 1,346 mm which can change about 2.54 mm 
(0.2%) due to the effects of mechanical wear [33]. For the simulation a change of 
0.5% in the diameter is assumed for other effects and conservatism. 



5.4 Simulations 



155 



0.05 



-0.05 



percent changes in stand output thicknesses from 
operating point values during mill acceleration 

T" 




0.02 



-0.02 



standj2 
■ 


! i~. | ! 


i 


i i i i 



0.02 



-0.02 




0.02 



-0.02 





15 20 

time (seconds) 

Fig. 5.21 Stand output thickness responses to external disturbances during accel from thread 
speed to run speed 



The eccentricity is a sinusoid plus a third harmonic. The fundamental is taken to 
have a period corresponding to one revolution of the backup rolls with a peak of 
0.03 mm, which is about 2% [34] of the operating point mill exit thickness of 
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Fig. 5.22 Interstand tension responses to external disturbances during accel from thread speed to 
run speed 



1.575 mm. The peak of the third harmonic is taken to be 3% of the peak of the 

fundamental. The same eccentricity is assumed for each mill stand. 

The symbols used in this section are those used in Section 5.3.4, unless otherwise 

noted. 
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Table 5.11 Deviations in thicknesses and tensions with disturbances and uncertainties applied, 

Production Schedule 1 

Variable Magnitude of maximum percent deviation of variable from operating point value 
Run speed Thread speed Run to thread speed Thread to run speed 

0.100 
0.072 
0.068 
0.079 
0.071 
0.45 
0.21 
0.41 
0.15 



Table 5.12 Deviations in thicknesses and tensions with disturbances and uncertainties applied, 
Production Schedule 2 
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Table 5.13 Deviations in thicknesses and tensions with disturbances and uncertainties applied, 

Production Schedule 3 

Variable Magnitude of maximum percent deviation of variable from operating point value 

Run speed Thread speed Run to thread speed Thread to run speed 

0.142 
0.078 
0.071 
0.090 
0.070 
0.20 
0.35 
0.14 
0.78 



The method of eccentricity compensation uses the LMS (least mean square) 
adaptive filtering technique which is well known and described in various texts [e.g., 
22, 23] on statistical digital signal processing and adaptive filtering. For the 
simulations, a modified normalized LMS algorithm [22] is used to update the filter 
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coefficients. In this algorithm (5.57), the gradient step size is normalized with 
respect to the norm of the input vector to reduce the effects of gradient noise 
amplification, and a small positive constant is added to the denominator of the 
correction applied to the filter coefficient to prevent similar effects if the norm of 
the input vector becomes too small. The expression for the algorithm is 



Wn+l 



e+||X 2 (n)|| 



r «/(«), 



(5.57) 



where n represents the discrete time step, w„ is the filter coefficient, /? is the 
normalized gradient step size, e is a small positive constant, X 2 (n) is the filter 
input vector, and eAri) is the filter error (scalar). X^(n) is the complex conjugate of 
X 2 (n), which is equal to X 2 (n) in this case. 

The LMS filter used in simulations was order 12 with a /J of 0.5 and a sampling 
rate of at least 50 samples per period of the sinusoid assumed for the eccentricity. 
Initially (Case 1) the eccentricity Vi(«) was assumed to be equal to the sinusoid 
v 2 («) generated using the speed of the backup roll, as inferred from the measured 
speed of the work roll, with no harmonic. For this case, the resulting eccentricity 
after compensation was negligible (less than 0.003%), following filter learning 
which occurred in less than two revolutions of the backup roll. The learning 
curve of the filter for this case is plotted in Figure 5.23. The following variations 
from Case 1 were then individually simulated: 

• Case 2: The magnitude of Vi(ra) is twice the magnitude of the magnitude of v 2 («). 

• Case 3: The magnitude of V\(n) is one-half the magnitude of the magnitude of 
v 2 («). 
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Fig. 5.23 Stand 5 percent eccentricity after compensation, Case 1 
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• Case 4: The frequency of Viiri) is 0.5% greater than the frequency of \>2(n). 

• Case 5: The frequency of \'\(n) is 0.5% less than the frequency of v 2 (n). 

• Cases 6 through 8: v 2 («) is shifted by Nt (i = 1,2,3) time steps, where Nj is N/4 
rounded to the nearest integer, with N equal to the number of time steps for one 
period of the sinusoid. 

• Case 9: The third harmonic is added to the fundamental. 

• Case 10: The results of the above were combined such that approximately the 
greatest deviation in eccentricity after compensation was realized. 

The results are presented in Table 5.14. As can be seen from these results, the 
maximum eccentricity remaining after compensation is about 0.05% which sup- 
ports the assumption that a workable eccentricity compensation technique compat- 
ible with the SDRE controller can be developed. 



5.4.4 Simulations Relating to the Continuous Process 

The areas of interest during weld passage, which marks the transition from the 
present strip to the next strip in the continuous tandem cold rolling process, are the 
capability of the controller to reduce the out of tolerance length of strip, reduce 
excursions in the specific roll force and tension, and maintain mass flow in the mill 
during the transition, using the first method as described in Chapter 3. The simula- 
tions and the results described in this section are based on work reported in [31] 
wherein the first method is used. Since the second method described in Chapter 3 
has some similarities to the first method, but has less severe requirements as the 
weld passes with the roll gap open, it is considered that a portion of the simulations 
done for the first method also have application to the second method. 



5.4.4.1 Identification of a Preferred Path for the Roll Gap 
Actuator Position 

The reduction in the lengths of strip in the vicinity of the weld that are out of tolerance 
and in the excursions in the specific roll force requires the identification of a preferred 



Table 5.14 Magnitude of 
maximum eccentricity after 
filter learning, stand 5 



Case 



Magnitude of max eccentricity 



1 

2 
3 
4 
5 
6 
7 
8 
9 
10 



0.003% 

0.006 

0.002 

0.01 

0.01 

0.02 

0.003 

0.02 

0.05 

0.05 
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path for the movement of the roll gap position actuator during the transition. 
Accordingly, simulations were performed at stand 1 to identify such a preferred 
path. Five different paths were selected for evaluation. The simulations were per- 
formed with no disturbances or uncertainties, with the operating points for the two 
strips as shown in Table 5.15 with a thickness transition of 20%. During the simula- 
tions the mill was at a weld transition speed of about 122 m/min (10% of run speed), 
and the position actuator was moved at its maximum speed (1.5 mm/s) to reduce the 
out of tolerance length. The results are summarized in Table 5.16, and some typical 
plots are shown in Figures 5.24-5.26. Path 2 was selected as the preferred path. This 
is based on reducing the out of tolerance length, the peak specific roll force, and the 
maximum change in the specific roll force. For each of the five paths it is noted that 
the rapid jump in specific roll force as the weld goes through the roll bite is about the 
same (about 1.95 kN/mm width). Based on the results obtained for stand 1, Path 2 also 
was selected as the preferred path for stands 2 through 5. 



5.4.4.2 Verification of Performance 

Simulations were performed using the preferred path, with increases in the thickness 
of 5%, 10%, and 20% from the present strip to the next strip. The position actuator 
movement was initiated such that the weld passes through the roll bite when the 
actuator was approximately at one-half of its travel. This allows for some margin 

Table 5.15 Operating points, present strip and next strip 

Variable Present strip Next strip, with thickness transition of 







5% 


10% 


20% 
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3.56 mm 
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3.91 
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h<mti 


2.95 


3.10 
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Kjur2 
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houtt 
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0.024 kN/mm 2 


0.024 


0.024 


0.024 


Cl2 


0.086 


0.086 


0.086 


0.085 


023 


0.088 


0.088 


0.087 


0.086 


034 


0.089 


0.089 


0.089 


0.088 


045 
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Table 5.16 Simulation results, paths 1 through 5 



Path number Out-of-tolerance length Max change in specific roll force Peak specific roll force 

1L6 
10.7 
10.6 
10.6 
10.5 



1 


0.21 m 


2.1 kN/m 


2 


0.22 


2.2 


3 


0.66 


3.1 


4 


1.06 


4.1 


5 


1.63 


5.2 
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Fig. 5.24 Simulation results for path 1 

around the point where the weld passes through the roll bite. The position actuator for 
stand 1 was moved at its typical maximum speed during the transition. The length of 
strip passing during the transition at stand 1 was not decreased as the weld moved 
through the downstream stands. This retained the margin around the half -travel point 
and could require that the associated position actuators be moved at less than their 
maximum speeds. If the desired length could not be achieved with the associated 
position actuator at its maximum speed, then the length of strip passing during a 
transition at a downstream stand would be increased. Filtering techniques were 
applied in every case during switching of the controller modes such that the position 
and speed references would be changed slowly enough to be within the capabilities of 
the position and speed actuators and their controllers, and to preclude excessive 
excursions in the associated variables. The simulation results are presented in 
Tables 5.17-5.19 and typical responses are shown in Figures 5.27 and 5.28. 



5.4.4.3 Effects of Disturbances and Uncertainties 

During the transition to the next strip a very rapid change in the hardness of the 
strip which occurs nearly concurrently with the change in the thickness is treated as 
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Fig. 5.25 Simulation results for path 2 

a significant unmeasured disturbance that must be considered. To verify perfor- 
mance with this type of disturbance, simulation was done wherein a 10% increase in 
hardness was applied concurrently with the 10% increase in the thickness of the 
incoming material of the next strip. Table 5.20 depicts the results for this type of 
disturbance with the excursions in the listed variables as shown. Further increases in 
hardness can result in further significant increases in the excursions, particularly in 
the tension. If the excursions are excessive for the particular application, the use of 
the second method should be considered. 

The measurement of strip speed, which ultimately affects the weld tracking 
function, is an uncertainty which could affect performance during the passage of the 
weld. Reliable high accuracy laser velocimeters typical of what is commercially 
available and used in operating mills are assumed to be used for this measurement, 
which has a typical uncertainty of 0.025% of measured strip speed. In addition the 
position measurement is recalibrated as the weld passes through each roll bite by a 
"weld in stand" signal. Based on this it was judged that the error in determining 
weld position was negligible and therefore could be excluded from the simulation. 

Various other disturbances and uncertainties that are not peculiar to the weld 
passage and which could occur during tandem cold rolling are addressed during 
simulations of the stand-alone tandem cold rolling process. 
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Fig. 5.26 Simulation results for path 5 



Table 5.17 Simulation results for 5% thickness transition 



Stand 1 Stand 2 Stand 3 Stand 4 Stand 5 



Out of tolerance length, m 

Max change in specific roll force, kN/mm 

Peak specific roll force 

Max tension excursion, percent 



0.14 


0.13 


0.18 


0.28 


0.27 


0.43 


0.31 


0.31 


0.31 


0.19 


9.73 


9.92 


10.5 


10.2 


6.39 


-3.7 


-3.4 


-1.2 


3.3 


- 



Table 5.18 Simulation results for 10% thickness transition 



Stand 1 Stand 2 Stand 3 Stand 4 Stand 5 



Out of tolerance length, m 

Max change in specific roll force, kN/mm 

Peak specific roll force 

Max tension excursion, percent 



0.16 


0.26 


0.33 


0.33 


0.38 


0.94 


0.70 


0.54 


1.9 


0.54 


9.88 


10.3 


10.7 


11.3 


6.59 


-7.7 


-8.8 


-1.1 


-7.2 


- 
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Table 5.19 Simulation results for 20% thickness transition 



Stand 1 Stand 2 Stand 3 Stand 4 Stand 5 



Out of tolerance length, m 0.20 0.25 

Max change in specific roll force, kN/mm 2.08 2.55 

Peak specific roll force 11.2 12.2 

Max tension excursion, percent —11.0 —8.6 
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Fig. 5.27 Responses for 5% thickness transition 



5.4.4.4 Mass Flow Considerations 



Immediately after the transition has exited the roll bite of stand i + 1, the mass flow 
at the upstream stand was estimated by computing MF pctmax as 



MF pctm!a = max 



MF tl . exit : 



+ i 



- MF, r , 



MF 



steady— state 



100%, 



(5.58) 



where MF pct max is the magnitude of the maximum percent deviation of the transient 
difference between the mass flows at the exits of stand i + 1 and stand i (i.e., MF trexiui 
+1 and MF trexiti ) with respect to the steady-state mass flow (MF steady . state ). MF pct max 
as determined by (5.58) is tabulated in Table 5.21. 
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Table 5.20 Simulation results for a transition of 10% thickness increase and 10% hardness 
increase 

Stand 1 Stand 2 Stand 3 Stand 4 Stand 5 
Out of tolerance length, m 0.25 

Max change in specific roll force, kn/mm 1.76 
Peak specific roll force 10.7 

Max tension excursion, percent 32.0 



0.58 


0.86 


0.76 


0.76 


1.73 


1.57 


3.22 


0.98 


11.5 


11.8 


12.6 


7.3 


34.0 


-32.0 


-32.0 


— 



Table 5.21 Simulation results for mass flow at stands 


/', (+1 




Transition Maximum 


magnitude of the percent deviation of the transient difference at the exits of 


Stands 2,1 


Stands 3,2 


Stands 4,3 


Stands 5,4 


5% 0.16% 
10 0.18 
20 0.30 


0.10 
0.12 
0.14 


0.06 
0.05 
0.07 


0.1 

0.7 
1.5 



The maximums of the magnitudes of the percent deviations of the transient 
differences between the mass flows at other adjacent upstream stands (such as 
stands i and i — 1) were determined similarly during passage of the transition 
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Table 5.22 


Simulation results for 


mass flow at upstream stands (20% thickness transition) 


Transition f 
through 


lassing 


Maximum magnitude of the percent 
the exits of 


deviation of the transient difference at 




Stands 2,1 


Stands 3,2 


Stands 4,3 


Stand 3 
Stand 4 
Stand 5 




0.14% 

0.20 

0.60 


0.30 
0.70 


2.3 



through the roll bite of stand z'+l. The maximums of the magnitudes of these 
deviations for a thickness transition of 20% are as shown in Table 5.22. It also 
was determined that the maximums of the magnitudes of the deviations for thick- 
ness transitions of 5% and 10% were less than 0.1% and 0.4%, respectively. These 
results and those tabulated in Tables 5.21 and 5.22 show that the transient differ- 
ences in the mass flows between adjacent upstream stands are not excessive. 
Additional simulations were performed which showed similar results for the tran- 
sient differences in mass flows between non-adjacent upstream stands, and also 
confirmed that at steady-state there is zero difference between these mass flows. 
Similar results were obtained for the mass flows at downstream stands (such as 
stands i+2 and i+3) during passage of the transition through stand i+1. 



5.4.5 Comparison with Industrial Controllers 

An evaluation of the performance of the augmented state-dependent SDRE-based 
controller against actual industrial installations can be done only in general. This is 
because much of the data from operating industrial installations that could be useful 
for a more thorough comparison usually is unavailable. For example what often is 
available is the deviation from the desired centerline thickness at the mill output, 
and this is used as a basis for comparison. Other data which specifically describe the 
characteristics of disturbances, uncertainties, material properties such as material 
hardness, exit thicknesses at intermediate stands, and sometimes interstand ten- 
sions, are mostly unavailable. In addition, the actual mill characteristics will vary 
between different installations and can be different for the same installation 
depending on the operational conditions, e.g. the mill characteristics will change 
with mechanical wear and temperature which generally increase during mill usage. 
All of these considered together make it difficult (if even possible) to model 
disturbances and uncertainties in a simulated environment to very closely match 
conditions under which the output thickness data was collected. 

In addition, it is also very difficult to model an actual installed controller and use 
it as a base for simulations against which the performance of a controller being 
developed can be evaluated. This is because much of the industrial controller 
structure is usually proprietary and very often the actual tuning settings also are 
proprietary or are never recorded during commissioning. 
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Table 5.23 Comparison of Controller Magnitude of maximum percent 

simulation results with 
industrial data 



deviation of mill output thickness 



SDRE-based 0.2% 

Industrial a [35] 0.5 

Industrial b [36] 0.8 



However, since the assumptions made for the simulations described previously 
are conservative, and the disturbances and uncertainties are combined in a manner 
to simulate the more severe conditions, it is considered that the results of these 
simulations can be taken to be conservative with respect to the actual mill data. On 
this basis Table 5.23 presents the mill exit thickness data for the augmented SDRE- 
based controller and two industrial controllers [35, 36]. The listings presented for 
the SDRE-based controller reflect the following: 

• The maximum deviation in mill output thickness due to disturbances and 
uncertainties is about 0.08% based on the data listed in Tables 5.10-5.13. 

• A deviation of about 0.05% due to cold mill roll eccentricity is assumed based on 
the results of simulations of a conceptual method of eccentricity compensation. 

• A "safety factor" of 0.07% is assumed for changes in width and other effects. 

• The total deviation in output thickness is taken as the sum of the above, i.e. about 
0.2%. 

As can be seen from the listings of Table 5.23 this compares well with data 
from two other well-performing industrial installations. Moreover, in addition to 
the improvement in reducing excursion in mill output thickness, the augmented 
SDRE-based controller has kept the excursions in the interstand tensions and output 
thicknesses at reduced levels which have contributed strongly to the stability of 
rolling. In the case of the continuous mill the magnitudes of the transient excursions 
in the mass flows during passage of the transition between the present strip and the 
next strip have been kept at very low levels which also contributed to the rolling 
stability. 



5.5 Concluding Comments 

The material presented in this chapter represents the work done to date for a method 
of advanced control of the tandem cold rolling process. The results of this effort 
have shown that the augmented SDRE technique offers a highly effective method of 
controlling thicknesses and tensions in a tandem cold metal rolling application. 
Good performance in the presence of realistic disturbances and uncertainties has 
been demonstrated for various regimes of mill operation for both the stand-alone 
case and the continuous case. Moreover, the augmented SDRE control structure 
which includes the trims provides a user-friendly environment for the control 
designer and the commissioning engineer. The work performed represents what 
was accomplished with the resources available for support and provides a strong 
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indication of the success of any future efforts. While the results have demonstrated 
a highly successful and improved performance, recommendations for the support of 
future activity to provide even further improvements include the investigation of 
the possibility of the deletion of the strip speed sensors without degrading perfor- 
mance, the expansion of the simulation to confirm that performance can be retained 
for the full scope of products that are expected to be processed over a broad range of 
applications, control during threading, and eventual application to an actual mill. 
The work described in this section gives evidence that such an application has a 
high likelihood of success. 



Appendix 

The sections of this appendix provide material that supplements what is presented 
earlier in this chapter. Provided are some applicable definitions and theorems, 
detailed methods for the computation of gradients, derivations of various relation- 
ships relating to functions of the state variables, and a derivation of the necessary 
conditions for the optimality of the SDRE controller. 



Definitions and Theorems 

The definitions and theorems which follow are related to the material presented in 
Section 5.3.1. The definitions are based on [37] and [15]. Theorems are based on 
[15]. A more detailed theoretical treatment is found in [12] and the references cited 
therein. 

Definition 1. A system is considered an autonomous system if the function f does 
not depend explicitly on t, i.e. 

x=f(x). (5.59) 

Definitions 2 through 8 are based on an autonomous system, where f : D — ► R" 
is a locally Lipshitz map from D into R" . 
Definition 2. The point x is an equilibrium point of (5.59) if 

/(*) = 0. (5.60) 

Definition 3. Taking x — for convenience and without loss of generality, the 
equilibrium point of (5.60) is stable if for each e > there is a 8 such that 

||jc(0)||«5 => ||x(?)||<£, Vf > 0. (5.61) 
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Definition 4. The equilibrium point of (5.60) is unstable if it is not stable. 

Definition 5. The equilibrium point x — is asymptotically stable if it is stable and 
a S can be chosen such that 

||x(0)||<<5=* \imx(t) = 0. (5.62) 

Definition 6. Let <f>(x; t) be the solution of (5.59) that starts at time t — and at an 
initial state x , with x — 0. Then the region of attraction is the set of all points x 
such that 

lim (j)(x; t) = 0. (5.63) 

Definition 7. The equilibrium point x = is locally asymptotically stable if it is 

asymptotically stable and its region of attraction is some neighborhood of the 
origin. 

Definition 8. The equilibrium point x = is globally asymptotically stable if 

lim </>(•*; =0, (5.64) 

no matter how large \\x\\ is. 

Definition 9. {C(x), A(x)} is a pointwise observable parameterization of the 
nonlinear system in a region Q if the pair { C(x), A(x) } is pointwise observable 
(in the linear sense) for all x £ Q. 

Definition 10. {C(x), A(x)} is a pointwise detectable parameterization of the 
nonlinear system in a region Q // the pair { C(x), A(x) } is pointwise detectable' 
(in the linear sense) for all x £ Q. 

Definition 11. {A(x), B(x)} is a pointwise controllable parameterization of the 
nonlinear system in a region Q if the pair [A(x), B(x)} is pointwise controllable (in 
the linear sense) for all x £ Q. 

Definition 12. {A(x), B(x)} is a pointwise stabilizable parameterization of the 
nonlinear system in a region Q ;/' the pair { A(x), B(x) } is pointwise stabilizable 
(in the linear sense) for all x £ Q. 

Theorem 1. In addition to a(x), b(x), R(x), Q(x), Q(x) £ C k , k > 1, assume that A 
(x) is smooth (i.e. A(x) £ C ) and that A(x) is both a stabilizable and detectable 
coefficient parameterization of the nonlinear system. Then the state-dependent 



~ In a linear sense, the pair ( CA } is detectable if and only if every unstable mode is observable 

[38]. 

6 In a linear sense, the pair \A,B) is stabilizable if and only if every unstable mode is controllable 

[38]. 
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Riccati equation method produces a closed-loop solution which is locally asymp- 
totically stable. 

Proof: The proof is provided in [15]. 
Theorem 2. Assume that the functions A(x), b(x), K(x), Q(x), and R(x), and their 
gradients ^7 x A(x), V x b(x), \7 x K(x), and V ' x A(x) are bounded along trajectories. 
Then, under stability, as the state x is driven to zero, the necessary condition for 
optimality is asymptotically satisfied at a quadratic rate. 

Proof: The proof is provided in [15]. 



Computation of Gradients 

With x G R", Q'{x) = Q{x) G R" xn , and Q(x) G C\ and using matrix differentia- 
tion formulae as given in [39], 



S7 x (x'Q(x)x) = 2Q(x)x + x'V x Q(x)x, 



(5.65) 



where 



V x (x'Q(x)x) = 



x'V xl Q(x)x 
x'\7 x2 Q(x)x 

x'V xn Q(x)x 



(5.66) 



and 



v,,e(.v) = 



dqu(x) 

dx, 


dqn{x) 
dxi 


a?„i(A') 





dx, 



dq\„(x) 
dxt 



dx, 



, i = 1,2, ...«. 



(5.67) 



Equation 5.65 can be verified by first computing x J Q(x)x on an element-by- 
element basis, and then computing W x (x J Q(x)x). 

Example 1. Computation of X7 x (x' Q(x)x) , for x G R 2 , Q'(x) = Q(x) G R 2x2 , Q(x) 
GC 1 : 

Using (5.65) and (5.66), and not showing function arguments, 



The notation for gradient is as given in Section "Computation of Gradients" in the Appendix. 
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V x (x'Qx) = 2 
and then using (5.67), 

x'V x \Qx = [x\ x 2 ] 
x"V x2 Qx = [xi x 2 ] 



qn <?i2 




X\ 


+ 


~x'V xl Qx 


qn 922 




X2 


x > V x2 Qx 



(5.68) 



dqujx) dqnjx) 

dx\ dx\ 

dq 2 i(x) dq 22 (x) 



dx\ 



dx\ 



dq n {x) dq n (x) 

dx 2 dx 2 

dq 2 \{x) dq 22 (x) 



dx~ 



dx 2 



(5.69) 



(5.70) 



Performing the multiplications and substituting into (5.68), and noting that 

<7l2 = <?21. 



V x (x'Qx) = 



2xiqu +2x 2 q l2 +x 
2x\q\ 2 + 2x 2 q 22 + x\ 



2 dqn 
1 dx x 



dqn 2 dq 22 
■ lx\x 2 — h x: 



dx\ 



2 9x, 



2 dq\\ , o d qn . odq 22 
ax 2 ox 2 ax 2 



(5.71) 



Computing x'Qx on an element-by-element basis and then computing VJx'Qx) 
verifies the result obtained in (5.71). 

Example 2. Computation of V x (?! A(x)x) , where x € R 2 , A(x) <G R 2 " 2 , A(x) e C 1 , 
lGR 2 ,forallx: 

Using matrix differentiation formulae, and not showing function arguments, 



V x (XAx) = (x'V x A' +A')X, 



(5.72) 



where 



and 



x'V x A' 



x'V xl A' 

x'V x2 A' 



x"V x \A = [xi x 2 ] 



daw da\ 



dx\ dx\ 
da 2l da 22 
dx\ dx\ . 



(5.73) 



(5.74) 
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x'V x2 A = [x\ x 2 ] 



dan dayi 

8x2 9X2 

da.21 da22 

dx 2 dx 2 



(5.75) 



It is straightforward to use (5.74) and (5.75) and substitute into (5.72) and (5.73) 
to obtain the result. 



Derivation of Relationships as Functions of the State Variables 

The material which follows relates closely to the determination of the state-depen- 
dent elements of the A(x) matrix as noted in Section 5.3.3. 



Relationships for Output Thickness and Specific Roll Force 

During each scan of the controller, S, and a are computed at a number of equally 
spaced points in a predetermined neighborhood of h out0 as 



\i^/PJ(h in -h OM ) 



(5.76) 



-exp(£) - 1, 



(5.77) 



where h in for stand 1 is the input thickness to the mill, and for stands 2,3,4,5 is the 
output thickness of the previous stand delayed by the appropriate interstand time 
delay, 



hi„,i+\{t) = h ou ,j(t- td,i,i+i), i = 1,2,3,4, 



(5.78) 



where \i and 7?'are the friction coefficient and the deformed work roll radius, and t dii+ ; 
is the time delay between stands i and i + 1 , 

During the same controller scan, using the relationship (2.12) for the specific roll 
force and noting that F = PW, the total roll force is computed (at each point) as 



F=(k- ff)V^5(l + 0.4a)W, 



(5.79) 



where W is the strip width and other variables are as denoted in Chapter 2. In the 
neighborhood of h lmtQ , F then is approximated by a linear fit which is reasonable 
because the neighborhood is not large, 
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F=cih out + c 2 , (5.80) 

where C\ and c 2 are constants. Using (2.26) and (5.80), h out is then 



' -OUT f - , \ 1 

(M-ci) 
and the specific roll force is 

M(/w-(S + S )) 
W 

and thus for stands 2,3,4,5, h out and P depend on the state variables. 



(5.81) 



(5.82) 



Relationships for Entry and Exit Strip Speeds 

Using (2.19) the strip speed at the exit of the roll bite can be written as 

V out = V(f+l), (5.83) 

where the forward slip/as given in (2.23) ultimately depends on the state variables. 
By conservation of mass flow across the roll bite, 

r7 Vout,i+\h ut.i+\ Vj+i(fj+i + l)h ou ,j + \ , c ... 

Vin.i+l — ; — — ; f ; \ — i p. 84) 

»in,/+l "out,i{' — ld.i,i+l) 

and thus (Vi„j + i — V our j) also depends on the state variables. 

Derivation of the Necessary Conditions for Optimality 

What is presented in this section supports the material discussed in Section 5.3.1. 
From the cost function (5.17) and the nonlinear constraint (5.15), the Hamilto- 
nian function is formed as: 

H{x, U, X) = \{xQ{x)x + uR{x)u) + l'(A(x)x + Bu), (5.85) 

where 1 £ R" is a Lagrange multiplier. The necessary conditions for optimality of a 
nonlinear controller are: 

\7 x H = x, (5.86) 

\7 X H = -X, (5.87) 
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V„// = 0. (5.88) 

Using (5.85) and the control law (5.19), 

u = -R- 1 (x)B'K(x)x, (5.89) 

V „H = R{x)u + B' X, (5.90) 

V„/y = R(x)(-R-\x)B'K(x)x) + B'X, (5.91) 

V U H = B'{X-K{x)x). (5.92) 

V„// will be zero if X is chosen so that 

X = K{x)x. (5.93) 
Differentiating with respect to time results in 

A = K{x)x + K(x)x. (5.94) 
Using (5.85) and (5.87), 
X = -Q(x)x - \{x"V x Q{x)x + u'V x R{x)u) - (x'V. v A'(x) + A'(x))X. (5.95) 

Equating (5.94) and (5.95), and using the nonlinear constraint (5.15), (5.86), 
(5.89), and (5.93), 

K(x)x + K(x) (A(x)x -BR' 1 (x)B'K(x)x) = 

- Q(x)x - \{x'V x Q{x)x + u"V x R{x)u) - (a-'V. v A'(x) + A'{x))K(x)x. (5.96) 

Rearranging and grouping terms, 

K{x)x + \{x'V x Q{x)x + u'V x R{x)u) + x'\J x A'{x)K(x)x 

+ (A'(x)K(x) + K(x)A(x) - K(x)BR- [ (x)B'K(x) + Q{x))x = 0. (5.97) 

From the state-dependent algebraic Riccati equation, the expression (A'(x) K(x)+K(x) 
A(x) - K(x) B R~ l (x) B' K(x) + Q(x)) is equal to zero, and substituting for u (5.89) 
gives the necessary condition for the closed-loop solution to be near-optimal 

K(x)x + \{x'V x Q{x)x + a j K(x)BR- 1 (x)V x R(x)R- 1 (x)B'K(x)x) 

+ x'V x A'(x)K(x)x = 0. (5.98) 
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Chapter 6 

Main Drives and Motors 



6.1 Introduction 

The objective of the material provided in this chapter is to supplement what is 
provided in previous chapters to present a more fully rounded-out picture of the 
control of tandem cold metal rolling. The material of this chapter provides a very 
basic introduction to variable speed main drives and motors as applied to tandem 
cold rolling mills, so that the reader is provided with a background that will enable 
him or her to better understand the more complex issues associated with tandem 
cold mill main drives and motors as presented in various texts, archival literature, 
and manufacturer's publications. The main focus will be on voltage source con- 
verters in the medium voltage range as drives for synchronous motors and cage 
rotor induction motors as these are the most typical for modern applications. Some 
fundamentals related to these types of motors will be presented, with consideration 
as to their usage in variable speed applications such as the tandem cold rolling mill. 
Similarly, some basic concepts of the voltage source converter will be addressed 
along with the concept of closed-loop field oriented (i.e., vector) control. Beneficial 
characteristics available in modern drives and motors also will be presented. 



6.2 The Multi-phase Cage Rotor Induction Motor 

The multi-phase cage rotor induction motor has seen wide usage in an almost 
endless variety of industrial applications where a simple, rugged, economical and 
nearly constant speed actuator is desired. The induction motor has a rotor and a 
stator which are separated by an air gap. The rotor is mounted on bearings, while the 
stator is fixed. Alternating currents exist in both the stator and the rotor. The 
currents in the stator are furnished by a source to which the stator is directly 
connected, while the currents in the rotor are the result of induction, hence the 
name induction motor. Most of the multi-phase motors in use are three phase, 
although in certain applications other multi-phase configurations are more desir- 
able. It should be noted that the induction motor also is capable for operation as a 
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generator, and during certain operational conditions in a tandem cold rolling 
application can provide regenerative power to an external entity which could be 
other drive motors in the mill or coilers, or ultimately the plant power grid. This is 
addressed later in Section 6.2.3. 

The stator frame of the motor is constructed of laminations of sheet steel that are 
of a special grade for use in motors. Slots are cut on the inside surface of the stator 
frame into which is put a three phase winding. The cage-type rotor is constructed 
similarly with slots cut into its outer surface into which are inserted conductive bars 
of aluminum or copper, both ends of which are short circuited by end rings. In a 
wound rotor machine the rotor winding is inserted into the slots cut into the rotor. In 
the cage rotor construction, there is no external connection of the rotor circuit to the 
outside world, as there is in the wound rotor construction wherein the rotor circuit is 
accessible via mechanical brushes and slip rings. The construction for the cage rotor 
type motor is depicted functionally in Figure 6.1, where the three phase winding of 
the stator is shown as three coils, denoted as a-a', b-b' , and c-c' each of which is 
excited by one phase of a balanced three phase source. The coils are depicted as 
three concentrated coils for simplicity. In actuality the three phase winding is 
distributed so as to produce a nearly sinusoidal spatial distribution of magnemotive 
force (mmf). More specifics regarding the fundamentals of induction motors can be 
found in reference texts on electric machinery, e.g., [1, 2], 



6.2.1 The Rotating Magnetic Field 

To understand the operation of the multi-phase induction motor it is necessary to 
first understand how a rotating magnetic field is produced by the stator windings 
when connected to a balanced three phase source. In the three phase machine as 
depicted in Figure 6.1, the windings of the stator are displaced from each other 



air gap 



stator winding 




rotor bar 



stator 



rotor 



Fig. 6.1 Schematic of cage rotor and stator 
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around the air gap by 120° in a two-pole machine, which for a two-pole machine is 
also the electrical angular separation. If the winding pattern of the stator of 
Figure 6. 1 were stretched out linearly in space the pattern as depicted in Figure 6.2 
would result. The electrical angular separation can be understood by noting that the 
electrical angle e is based on one cycle of flux distribution as shown in Figure 6.2, 
where one cycle is 360 electrical degrees. If the machine has P poles, then there are 
PI2 wavelengths per revolution so that the spatial (or mechanical) angle 9„, as 
measured in the physical degrees of rotation around the stator is 



On 



2 

-t 

P 



(6.1) 



As an example in a four-pole machine the electrical angle is 120° which 
corresponds to 60° of spatial rotation or a spatial angle of 60°. In a two-pole 
machine the electrical and spatial angles are equal to each other. 

Figure 6.2 depicts the mmf wave in a two-pole machine, which is produced by a 
fixed (i.e., a time-invariant) current in coil a-a 1 ', around the air gap of the machine 
shown in Figure 6.1. The fixed current is into the page at a' and out of the page at a 
as indicated by the x and the dot shown respectively on the legs of the coil a. The 
peak of the mmf wave F a ( pea t) is proportional to the magnitude of the current in 
coil a. Coils b and c are located on the machine stator such that similar mmf waves 
are produced that are displaced at angles of 120° and 240° around the air gap from 
the mmf wave produced by the current in coil a. The angle 9 is measured counter- 
clockwise around the air gap that is depicted in Figure 6. 1 . The three mmf waves 
combine to give a total mmf wave, which can be described as 

HO) = F a{p eak)Cos(9) + F h{peak) cos{9 - 120°) + F c(peak) cos(9 - 240°). (6.2) 



magnetic axis 
of phase a 
p 

a/peak) 



magnetic axis 
of phase b 



magnetic axis 
of phase c 




Fig. 6.2 Magnetomotive force wave of phase a 



180 6 Main Drives and Motors 

When the individual windings are excited by a balanced three phase source, the 
instantaneous peak mmf in a winding is proportional to the instantaneous current in 
the winding, so that the peaks of the mmfs in each winding are 

Faipeak) = * ' a{max)COs{(Qt) , (6.3) 

Fbipedk) = F b(max)COs(cot - 120°), (6.4) 

Fctpeak) = Fc(max)C0s{03t - 240°), (6.5) 

where ca is the frequency (radians/second) of the sinusoidal alternating current in a 
winding. Since the three phase source is balanced the peak current is the same in 
each of the phases, and since the number of turns in each of the windings is the 
same, the peaks of the mmfs are the same, i.e., 

F aimax) — ** b(max) = * ' cimax) — N'max, (o.O) 

where N is the number of winding turns and l max is the peak of the alternating 
current, so that (6.2) becomes 

F(0, t) = NI max cos((o t)cos{6) 
+ NI max cos(cot- 120°) cos(6 - 120°) 
+ NImax cos(ca t - 240°) cos(6 - 240°). (6.7) 

Using the trigonometric identity for the product of two cosines, (6.7) becomes 

F(6,t) =^NI max cos(0-cot), (6.8) 

which represents the rotation of the mmf wave around the air gap at the constant 
angular velocity w, so that at any instant of time t x the positive peak of the wave is at 
an electrical angle of Q\ =mt\, and later at time t 2 the wave has moved further 
around the air gap so that the positive peak is at 62 — co ti, and the wave has traveled 
over an electrical angle of 02 — Ci = to (fe — h). The rotating wave also may be 
represented as an mmf vector rotating at angular velocity m (electrical radians per 
second) around the air gap. 

The above analysis is for a two-pole machine. In the case of higher order poles, 
the two-pole configuration is extended by locating the two-pole configuration 
serially around the stator of the machine, with the spatial angle reduced from the 
two-pole case according to the number of poles of the machine, as noted previously. 
For any machine the rotational velocity co„, of the mmf wave in radians/second with 
respect to the actual stator is 

2 120/ 
co«; = — cue, or n = , in rev/min, (6.9) 
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where P is number of poles of the machine, and/is the frequency of the three phase 
source in Hertz. This rotational velocity is denoted as the synchronous speed of the 
machine. The per-unit difference in the speed of the rotor with respect to the 
synchronous speed is the per-unit slip which is expressed as 

s = n ^ n , (6.10) 

«i 

where rij is the synchronous speed and n is the actual rotor speed. The frequency of 
the currents in the rotor are then expressed in terms of the slip as/, = sf, where/,, is 
the slip frequency, with /being the frequency of the stator currents. At starting the 
rotor is stationary and the slip is 1 .0, with the frequency of the rotor currents equal 
to the frequency of the stator currents. 



6.2.2 Machine Torque 

An understanding of how the rotor mmf and air gap flux-density waves of the 
machine interact to produce torque also is essential to understanding the operation 
of the cage rotor induction motor. As a starting point, a cage rotor machine that is 
powered by a balanced three phase source will be considered, wherein the rotor is 
being driven by an external motor at exactly the synchronous speed of the machine. 
In this case there is a rotating flux-density wave that is produced by the rotating 
mmf wave around the air gap of the machine and it is assumed that magnetic 
saturation effects are negligible so that the rotating mmf wave produced by the 
stator can be expressed in terms of a rotating flux-density wave that rotates in phase 
{i.e., at the same angle) as the mmf wave. Since the rotor is being turned at 
synchronous speed, there are no voltages induced in the rotor bars since the rate 
of change of flux linking the rotor bars is zero. 

If next the external motor driving the rotor is instantly decoupled from the rotor 
shaft, the rotor will begin to slow down due to the decelerating torque caused by the 
machine losses. As the rotor begins to decelerate, the rate of change of flux in the 
rotor bars is no longer zero and the changing flux induces voltages in the bars. These 
voltages produce currents in the bars which in turn generate a rotor mmf wave that 
rotates at the same speed as the flux-density wave and interacts with it to produce a 
torque that eventually balances the torque caused by the machine losses. Since the 
torque required to balance the losses is quite low, the rotor is turning almost at 
synchronous speed and thus the rate of change of flux in the rotor bars also is quite 
low, and therefore the frequency of the induced voltages and the resulting rotor bar 
currents, is very low. Referring to Figure 6.3, since the frequency of these induced 
currents /, is very low, the rotor reactance X,- also is very low so that the rotor 
impedance is essentially resistive (i.e., nearly equal to R,) and thus the rotor 
currents are essentially in phase with the voltages E r induced in the rotor. The 
resulting mmf wave produced by the rotor currents thus lags behind the flux-density 
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Fig. 6.3 Rotor circuit 
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Fig. 6.4 Change in position of flux-density wave as load torque is increased 



wave by slightly more than 90 electrical degrees and is no longer produced only by 
the stator mmf, but is the result of both the stator mmf and the rotor mmf. 

If now some external load torque is applied to the rotor shaft, the rotor will begin 
to slow further to produce torque that balances the load torque, the frequency of the 
rotor currents will increase and thus the rotor reactance will increase which will 
cause an increase in the angle between the rotor induced voltage and the rotor 
currents, with a resulting increase of a in the angle <5,. between the flux-density wave 
and the rotor mmf wave as depicted in Figure 6.4, where for simplicity any changes 
in the peaks of the waves due to application of the increased load torque are not 
shown. 

If the load torque is increased yet further, the rotor speed will decrease further 
and eventually the rotor reactance will increase to the point where the angle 
between the rotor mmf wave and the flux-density wave will be such that the torque 
decreases rather than increases. The torque at this point is denoted as the breakdown 
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torque, which is the maximum torque that can be produced by the motor at its 
nominal (or base) frequency and rated terminal voltage. The breakdown torque is 
greater than the rated torque of the machine and limits the short time overload 
capacity of the motor. A typical torque-speed curve for a cage rotor induction motor 
at its nominal frequency and rated terminal voltage is depicted in Figure 6.5, with 
the rated torque, breakdown torque, stall torque and pull-up torque shown. The stall 
torque is the torque developed with the rotor locked, the pull-up torque is the 
minimum torque available to accelerate the rotor and any coupled load. 
An expression for the rotor torque T can be derived [1] as 



T 



K r \-) B sr F r sin{d r ), 



(6.11) 



where P is the number of poles of the machine, B sr is the peak value of the flux- 
density wave, F r is the peak of the mmf wave resulting from the rotor currents, <5, is 
the electrical angle between the two waves, and K T is a constant depending on rotor 
geometry. Equation 6.11 can be approximated by (6.12) as B sr is approximately 
constant and F r is proportional to the root-mean-square of the rotor current, 



T = KI r sin(d r ), 



(6.12) 



where A" is a constant. 
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Fig. 6.5 Typical induction motor flux-density characteristic, motoring 
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6.2.3 Regenerative Operation 

In a tandem cold rolling operation a cage rotor induction motor can regenerate power 
to other motors that control the mill or to the plant power grid via the drive system 
associated with the motor. The regeneration of power during steady speed mill 
operation can occur at an unwind motor of a stand-alone mill to maintain tension 
at the mill entry. During a decrease in the mill speed, certain of the mill and reel 
motors could be required to regenerate to provide the torque needed for deceleration 
to follow a speed reference profile. For the induction motor to regenerate, the speed 
of the rotor must be greater than the speed of the flux-density wave that is produced 
by its multi-phase power source. That is, the rotor speed must be greater than the 
synchronous speed of the motor. In this case the rotor current, the polarities of the 
rotor poles, and the torque direction are reversed from their values during motoring. 
In Figure 6.6 for simplicity a torque-speed curve is shown for the generating mode at 
nominal frequency and rated terminal voltage, assuming that the rotor speed is 
changing such that its speed is greater than the fixed speed of the flux-density wave 
which is set by the fixed stator frequency. While this differs somewhat from the mill 
application wherein the frequency is continuously changing during a deceleration, it 
nevertheless provides some feel for the motor characteristic during regeneration. In 
this mode the magnitude of the breakdown torque (generating) is slightly higher than 
the magnitude of the breakdown torque (motoring) as in Figure 6.5. 



6.2.4 Variable Speed Operation 

There are several methods to vary the speed of cage rotor induction motors. In this 
section the techniques considered are those that are more applicable to control of 
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Fig. 6.6 Induction motor torque-speed characteristic, generating 
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the tandem cold rolling process and promote a basic understanding of the motor 
characteristics under the variation in the frequency of the multi-phase power source. 
The two areas that are considered are: (1) operation at and below base frequency, 
and (2) operation above base frequency. Operation at and below base frequency is 
essentially a constant torque area, while operation above base frequency is essen- 
tially a constant horsepower area. These two areas of operation are well-suited to 
the control of tandem cold rolling and are similar to earlier operation of the mill 
using direct current machines that exhibited a constant torque characteristic below 
base speed and a constant horsepower characteristic above base speed. Typical of 
these areas of operation are the mill stand drive motors listed in Table 6.1 where the 
horsepower and speed ranges for the drive motors of a typical tandem cold rolling 
mill are given. For example the drive motor of stand 1 is constant torque up to the 
base speed of 110 rev/min and constant horsepower above 110 rev/min up to 310 
rev/min. Drive motors for the other mill stands are similar. Figure 6.7 depicts a 
torque-speed characteristic over the speed range of a typical mill drive motor. 

The intent of what follows is to present the machine characteristics assuming a 
basic open-loop control technique which can provide a basis for the understanding 
of related methods and of some of the more complex control concepts. 



Table 6.1 Typical mill stand 
drive motors 



Fig. 6.7 Drive motor torque- 
speed characteristic 
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6.2.4.1 Operation at and Below Base Frequency 

In a cage rotor machine the air gap flux is proportional to the air gap voltage divided 
by the frequency of the power source, i.e., 

F ■ 

i ^ air gap ,, , ~, 

<p oc — -^, (6.13) 

and 

V t = V r + V x +E airgap , (6.14) 

where V, is the machine tenninal voltage, V r and V x are the voltage drops across the 
stator resistance and leakage reactance, and £ a „ gap is the air gap voltage. At the 
base frequency, with rated voltage applied at its terminals the machine will run at its 
base speed, i.e., the air gap flux is at its nominal value. To keep the torque-speed 
characteristic nearly invariant as the machine speed is reduced and to avoid higher 
magnetic saturation, the air gap flux must be kept constant. This implies that a 
reduction in the frequency must be accompanied by a proportional reduction in the 
air gap voltage. Over a major portion of the machine speed range the voltage drops 
V r and V x are small compared to V, so that the terminal voltage is nearly equal to the 
air gap voltage. Thus if the machine speed is reduced by reducing the frequency, the 
tenninal voltage also must be reduced proportionally. However, as the speed 
approaches zero the air gap voltage is reduced so that V r and V x are no longer 
negligible with respect to E air gap and the flux also is reduced. To compensate for 
this, the terminal voltage is boosted slightly at the lower frequencies to keep the flux 
approximately constant and thus retain the torque-speed characteristic at lower 
speeds. In this mode of operation the full torque of the machine is available as 
the speed is reduced, so that operation is essentially constant torque. Figure 6.8 
depicts the torque-speed characteristics for motoring operation as the frequency is 
reduced below the base frequency. The characteristic for regenerative operation 
(Figure 6.6) also is repeated in a similar manner for frequency reduction below the 
base frequency. 



6.2.4.2 Operation Above Base Frequency 

Above base frequency the motor terminal voltage is held constant with the fre- 
quency being increased. The motor horsepower remains constant with the rated 
torque decreasing as shown in Figure 6.7. The air gap flux decreases according to 
(6.13). The torque-speed characteristic is as depicted in Figure 6.9. Operation in the 
regenerative mode above base frequency is similar, except that the individual 
torque-speed characteristic curves are for regeneration. 
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Fig. 6.8 Torque-speed characteristics of the cage rotor induction motor at and below base 
frequency 
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Fig. 6.9 Torque-speed characteristics of the cage rotor induction motor above base frequency 



6.3 The Synchronous Motor 



Synchronous machines are widely used throughout the world as generators of 
electrical power. In general, in industrial applications synchronous motors are 
used where a constant speed is desired. A desirable feature of the synchronous 
motor utilized in these applications is its capability to provide an adjustable power 
factor by adjusting the field excitation. Recently in many instances synchronous 
machines are being preferred over cage rotor induction machines as main 
drive motors for tandem cold rolling applications for reasons which are noted in 
Section 6.5. 
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The construction of the stator of the synchronous motor is similar to the stator of 
the cage rotor induction machine (Figure 6.1). The stator winding is placed in slots 
cut into the surface of the stator and is distributed to produce a nearly sinusoidal 
spatial mmf distribution around the air gap. The stator winding is denoted as the 
armature winding, as it is the winding in which a voltage is induced by the field of 
the rotating rotor. The stator winding is connected to the machine terminals for 
external connection to a multi-phase excitation source. The rotor of the synchro- 
nous motor is constructed with salient poles, or with non-salient poles which 
generally is similar to the construction of the cage rotor induction machine where 
the rotor has slots at its surface into which conductors are inserted. Unlike the 
induction motor, the field of the rotor of the synchronous motor is established by 
direct current excitation from a separate source rather than by induction via the 
rotating air gap flux. The excitation current is often supplied via a brushless 
excitation system wherein the exciter and associated rectifiers are mounted on the 
rotor shaft, which avoids the need for mechanical slip rings and brushes. 

The non-salient pole rotor is also referred to as a cylindrical rotor. The cylindri- 
cal rotor results in a uniform air gap and has a distributed pattern of conductors 
placed in slots at the rotor surface to produce a sinusoidal mmf distribution with the 
same number of poles as the stator winding. For the main drive motors of tandem 
cold rolling mills non-salient pole rotors usually are preferred over rotors with 
salient poles due to their higher mechanical strength, a higher reliability, less 
maintenance, reduced windage losses due to their cylindrical-type construction, 
and a lower moment of inertia. 

Similar to the cage rotor induction motor, the synchronous motor as applied to 
the control of the tandem cold rolling mill is capable of operation as a generator. 
During certain conditions of operation the synchronous motor can provide regener- 
ative power to certain other motors in the mill, to the coilers, or to the plant power 
grid via the main drive associated with the motor. More detail regarding synchro- 
nous motors can be found in reference texts such as [1, 2]. 



6.3.1 Machine Torque 

As in the case of the cage rotor induction machine, an understanding of how the flux 
and mmf waves interact to produce torque is essential to the understanding of the 
synchronous motor. To help develop a feel for the operation of the motor, it will be 
assumed that the motor is connected to a balanced three phase source of constant 
frequency so that there is a magnetic field in the air gap that rotates at synchronous 
speed as described previously in Section 6.2.1. It also is assumed that the motor 
losses and saturation effects are negligible, that the armature (i.e., the stator) 
resistance and reactance are zero, that the rotor is turning at synchronous speed 
and that the rotor position and the field current (i.e., the current in the rotor 
conductors) are established such that the voltages E r induced in the armature by 
the current in the rotor are equal to the voltages of the three phase source, and that 
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there are zero currents in the stator windings. Under these conditions the electrical 
angle S^f between the mmf wave F r produced by the rotor current and the flux wave 
<P, in the air gap is zero, so that the rotor torque T M is zero in accordance with the 
relation (6.11) as 



T„=K T ['-) <P r F rS in(5 RF ) 



(6.15) 



where P is the number poles and K T is a constant. 

It next is assumed that there is some load torque T L subsequently applied to the 
shaft of the rotor, so that the rotor tends to slow down, the angle <5/y? is no longer 
zero as the position of the rotor is moving backward with respect to the position of 
the air gap flux wave, and rotor torque T M is produced according to (6.15) in a 
direction so as to oppose the applied load torque (by Lenz's law). When the torques 
are balanced (i.e., T M = —T L , after some transients) the speed of the rotor is again at 
synchronous speed, but its angle is no longer zero, and there are currents I a in the 
armature windings which produce an mmf field A a (denoted as the armature 
reaction) which adds to the mmf field of the rotor to produce a resulting mmf 
field R t which produces the air gap flux <P, to keep the voltages induced in the 
armature equal to the source voltages. Figure 6.10 depicts the situations before and 
after the application of the load torque. For the simplicity of presentation, in this 
figure the rotating waves and fields are represented as phasors. If the load torque 
keeps increasing, the angle <5«f will keep increasing until the angle is 90° which 
represents the maximum torque available at synchronous speed. The torque at the 
angle of 90° is denoted as the pull-out torque. The application of additional torque 
beyond the pull-out torque will cause the motor to slow down with the loss of 
synchronism. The torque-angle characteristic for a motoring application is as shown 
in Figure 6.11. 
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Fig. 6.10 Phasors for application of torque at the rotor shaft for a synchronous motor, motoring 
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6.3.2 Regenerative Operation 

The conditions in the operation of the tandem cold rolling mill under which the 
synchronous motor can regenerate are as noted in Section 6.2.3 for the cage rotor 
induction motor. In these instances the load torque at the shaft is reversed and the 
machine acts as a generator. The phasor diagrams in this case are as shown in 
Figure 6.12. As in the motoring case the torque is limited by the pull-out torque in 
the generating region as depicted in Figure 6.11. 
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Fig. 6.11 Synchronous motor torque-angle characteristic 
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6.3.3 Variable Speed Operation 

Variable speed operation of the synchronous motor will be addressed in this section 
by assuming that the voltage and frequency of the power source are varied, which is 
a typical method for control of tandem cold rolling mills. As in the case of the cage 
rotor induction motor, the areas of operation that will be considered are (1) opera- 
tion at and below base frequency, and (2) operation above base frequency. What is 
presented assumes an open-loop control technique which provides an insight into 
machine characteristics as the voltage and frequency of the power source change, 
which helps with the understanding of more complex control methods. 



6.3.3.1 Operation at and Below Base Frequency 

It can be shown [3] that the machine torque also can be described as 



V, 
T M =K T — sin(d RF ), 



(6.16) 



where V, is the machine terminal voltage and K T is a constant, and where in the 
derivation of (6.16) the resistive component of stator impedance is neglected at 
base frequency. To maintain constant torque as the frequency changes it is neces- 
sary to change the terminal voltage of the machine proportional to the frequency 
and also to increase the terminal voltage slightly to compensate for stator resistance 
as the frequency approaches zero, much the same as the compensation for stator 
impedance in the case of the cage rotor induction motor. The torque-speed char- 
acteristics for the synchronous motor when operated at and below base frequency 
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Fig. 6.13 Torque-speed characteristics of a synchronous motor at and below base frequency 



192 



6 Main Drives and Motors 



speed 




characteristics at 
higher frequencies 



base frequency 
characteristic 



generating 
region 



I — »- torque 



pull-out torque 
(generating) 



motoring 
region \ 

base speed pull-out torque 



(motoring) 
Fig. 6.14 Torque-speed characteristics of a synchronous motor above base frequency 

are depicted in Figure 6.13 for operation in the motoring and generating regions of 
operation. 



6.3.3.2 Operation Above Base Frequency 

Above base frequency the terminal voltage is held constant as the frequency is 
increased. The horsepower in this region of operation is constant with the torque 
decreasing as the speed increases. The torque-speed characteristics are depicted in 
Figure 6.14. 



6.4 Main Drives 



This section describes the basic concepts of selected power electronic circuitry and 
certain control techniques associated with the main drives for tandem cold rolling 
mills. As with previous discussions, the intent of the material presented is to 
provide a background in fundamental concepts that can serve as a basis to aid the 
reader to understand the more advanced methods associated with the available 
modern technologies in this area. Certainly it is beyond the scope of this book to 
describe in specific detail the several methods available for the control of power 
from the plant power system to the variable speed drive motors, or the various 
techniques that can be used for control of the drive itself. What is presented will 
concentrate on the main concepts that underlie most of the viable modern methods 
that are presently in use and have proven to be successful in several recent 
applications, with more detail available in the quoted references and other 
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associated literature. What follows will assume that the motor to be controlled is 
either a synchronous machine with a cylindrical rotor or a cage rotor induction 
motor, and that the controller is a voltage source converter with an active front end. 
The use of a cycloconverter as an alternate method also will be briefly addressed. 
The control will be assumed to be a closed-loop field oriented (i.e., vector) control 
that is suitable for these types of machines. 



6.4.1 Motor Drive Power Circuitry 



The preferred circuitry that controls power to the motor is depicted in Figure 6.15, 
which is typical of modern equipment that is operating successfully in several 
applications. As can be seen in Figure 6.15, there are three main parts which 
comprise the power circuit of the drive: (1) the active front end, (2) the DC link, 
and (3) the motor inverter. 
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Fig. 6.15 Voltage converter drive, power circuit schematic 
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6.4.1.1 Active Front End and DC Link 

The active front end is a bridge arrangement of power semiconductors that provides 
power to the large capacitors in the DC link. In most modern applications the 
semiconductors are IGCTs (integrated gate commutated thyristors). IGCTs are 
fully controlled thyristors which can be switched on and off by a gating signal. 
The active front end is a converter which provides for full motoring and regenera- 
tive capability of the drive. The gating of the IGCTs is controlled such that the line 
current is very nearly sinusoidal so that harmonics injected into the power system 
are significantly reduced. In addition, the DC link voltage is kept essentially 
constant which decouples the motor inverter from the plant power system so that 
the drive system is less sensitive to line voltage fluctuations and can even tolerate 
brief dips in the line voltage. The reactive power also is controlled so that a power 
factor of unity can be realized, or power factor correction can be provided to 
compensate for other loads connected to the same power source as the drive. 

The DC link consists of large capacitors to provide a very stiff voltage source to 
support the proper operation of the motor inverter. The capacitor circuit is split as 
shown in Figure 6.15 to create a neutral point which is necessary for proper inverter 
operation. 

6.4.1.2 Motor Inverter 

Similar to the active front end the motor inverter consists of a bridge arrangement of 
power semiconductors to control the power provided to the motor. The motor 
inverter is more generally denoted as a voltage source converter as the power 
circuit can operate as a controlled rectifier in one direction, and in the other 
direction as an inverter which converts the voltage of the DC link to a waveform 
suitable for variable speed operation of the drive motor, to provide full motoring 
and regenerative operation. In this case however operation is mostly as an inverter 
and hence the notation of inverter is more appropriate. The inverter uses IGCTs in a 
three level three phase configuration with a neutral point provided in the DC link by 
the split capacitor arrangement. More detail related to the operational detail of the 
inverter can be found in [4]. 

The inverter is pulse width modulated (PWM). In the pulse width modulation 
method a square wave is broken up into pulses of varying width to adjust the 
magnitude of the output fundamental. Figure 6.16 provides an example of a pulse 
width modulated waveform for the output voltage V ah of a PWM inverter with a 
fixed voltage source input of V c i and a sinusoidal fundamental output voltage. 

An advantage of PWM over other methods (such as the six step inverter) is that 
bulky and expensive filters to reduce lower order harmonics that cause large 
distortions in the current waveform are not needed. With the PWM technique the 
IGCTs in the inverter are controlled to significantly reduce the harmonics and at 
the same time control the output voltage. There are several methods of PWM the 
specifics of which are discussed further in [4]. 
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Fig. 6.16 PWM voltage output waveform, with sinusoidal fundamental 

The efficiency of the inverter is very high as the commutation losses in the 
inverter itself are quite low which supports the overall efficiency of the drive of 
about 99%. Because the output current of the inverter has very low total harmonic 
distortion, the torque pulsations at the motor shaft are reduced to very low values, 
and there is negligible derating of the drive motor, all of which make the PWM 
inverter attractive as a method of controlling motor speed and torque. 



6.4.1.3 Cycloconverter 



The cycloconverter is a less preferred drive for the main mill motors and is included 
for completeness as it remains available as an alternate method. Figure 6.17 is a 
schematic of the cycloconverter circuitry for a typical system. 

The cycloconverter is a frequency changer that converts power at one frequency 
to power at another frequency in a single stage process. Cycloconverters are 
generally used for very large drives in various industrial applications. In the case 
of tandem cold rolling the cycloconverter drive provides adjustable frequency and 
voltage to a main drive mill motor by varying the outputs of dual converters which 
control the individual phases of the drive motor. A dual converter is a power bridge 
of thyristors which provides a DC output with an alternating current input from the 
plant power system. In the cycloconverter the output of each dual converter is 
controlled to vary the DC output such that a nearly sinusoidal current at a frequency 
lower than the input frequency is provided. Cycloconverters are limited in the 
maximum output frequency that can be attained and still maintain a current 
waveform that is reasonably sinusoidal. Typically the maximum frequency of the 
output is about 50% of the frequency of the input. 

Cycloconverters can be controlled so that the output current in the drive motor has a 
low harmonic content in the motor torque. However, at the input the harmonic content 
consists of non-integer harmonics which can be difficult to filter, even though the 
harmonic content is somewhat reduced below that of a DC drive because the firing 
angles of the thyristors in the dual converters are continuously changing. Moreover, 
since the maximum frequency of the cycloconverter is much less than the maximum 
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Fig. 6.17 Cycloconverter drive, power circuit schematic 



frequency of the voltage converter, a physically larger drive motor must be used which 
increases the cost. The maximum power factor of a cycloconverter drive is at best 0.8, 
and is reduced as the frequency and voltage are lowered. While the efficiency of the 
cycloconverter can be as much as 99% its lower power factor, higher harmonic content 
at the line side, and the requirement for a larger motor make it somewhat less attractive 
than the voltage converter as a main drive. Additional material describing the opera- 
tion of dual converters and cycloconverters can be found in [4, 5], 



6.4.2 Drive Controller 



Modern drive controllers are based on the principle of field oriented (or vector) 
control. A very significant advantage of vector control is that when applied to a cage 



6.4 Main Drives 197 

rotor induction motor or a synchronous motor, the ideal performance characteristics 
are nearly identical to those of a separately excited DC motor which has been used 
quite successfully in earlier applications for the control of tandem cold rolling mills. 
The field oriented control also is denoted as orthogonal or decoupling control, the 
reasons for which will become obvious in the material that follows. To better 
understand the benefits of vector control it is helpful to briefly review the char- 
acteristics of the separately excited DC machine. 

In the DC motor the torque T M can be expressed as the product of the shunt field 
current and the armature current, assuming that saturation and armature reaction 
can be neglected, i.e., 

T M =KfyI a , (6.17) 

where </y is the flux created by the machine shunt field current, /„ is the armature 
current and K is a constant. In the machine the flux created by /„ is orthogonal to (/y 
and both fields are stationary in space. Because of the orthogonality, there is 
decoupling between the shunt field flux and the armature current, so that a fast 
response in the machine torque can be achieved by adjusting the armature current 
without affecting the field current, and if the field current is adjusted the armature 
current remains unaffected. Using appropriate control methods it is possible to 
extend these desirable characteristics to the cage rotor induction motor and the 
synchronous motor. 



6.4.2.1 Field Oriented Control of the Cage Rotor Induction Motor 

In the techniques for scalar control of the cage rotor induction machine there are 
interactions between the torque and the flux as both depend on frequency and the 
voltage or current. For example, if the torque is increased by changing the fre- 
quency, the flux will tend to decrease in a somewhat sluggish manner. The decrease 
in flux can be compensated by a control loop which then raises the voltage, but the 
response remains sluggish and the torque sensitivity with respect to slip is reduced. 
In the 1970s the concept of field oriented control (or vector control) was 
developed to overcome this shortcoming. The idea of vector control is based on 
the use of a transformation of machine variables into a reference frame which 
rotates at synchronous speed, and in which the flux and current vectors are 
expressed in an orthogonal framework. Thus it is possible through appropriate 
coordinate changes to control the stator currents in such a manner that the variables 
as expressed in the rotating reference framework react to produce torque similar to 
the DC machine, i.e., the torque produced as expressed in the rotating reference 
frame is 



T R =K(j> r I q , (6.18) 



198 



6 Main Drives and Motors 



where (f> r is the peak value of the rotating machine flux vector that is produced by 
the flux producing component I d of stator current 7^, I d is in phase with (f> r , l q is the 
component of the stator current that is orthogonal to (p r and I d , the increase of which 
increases the torque without changing </),., and AT is a constant. Figure 6.18 depicts 
the variables as they appear in the synchronously rotating framework, and shows 
how an increase in the torque producing component of the stator current increases 
the torque without affecting the flux, and how an increase in the flux producing 
component of the stator current increases the flux without affecting the torque 
component of the stator current. In Figure 6. 1 8 it is assumed that the rotor reactance 
can be neglected so that the voltage E r resulting from the change in the flux is also 
the voltage across the rotor resistance. 

A schematic of a functional implementation of a method of field oriented control 
is shown in Figure 6.19. The specific details of the reference frame transformation, 
the generation of the appropriate signals for its control, the estimation of the flux 
vector (f>, and other methods of vector control are similar to those described in [4], 
Because the control of torque does not affect the flux, the transient response of the 
vector controlled drive is very much like the response that would be obtained with a 
DC machine and is quite suitable for drives for tandem cold metal rolling using 
cage rotor induction machines. 



6.4.2.2 Field Oriented Control of the Synchronous Motor 

As in the case of the cage rotor induction motor, the transient response of a 
synchronous machine that is driven from a scalar controlled drive can be signifi- 
cantly improved by the use of field oriented control. In the case of the synchronous 
machine, this is mainly due to the capability of the field oriented controller to 
compensate for the slow rise in the rotor field current by adding magnetizing current 
to increase the flux during transient conditions. 
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Fig. 6.18 Phasor diagrams, showing effects of changes in torque and flux components of stator 
current in an orthogonal rotating framework 
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Fig. 6.19 Schematic of a field oriented controller for a cage rotor induction motor 



The field oriented drive for the synchronous motor is more complex than for the 
cage rotor induction machine, although there are some similarities. Figures 6.20 and 
6.21 are schematics of the implementation of such a drive. 

The concept of transforming machine variables into a reference frame that 
rotates at synchronous speed, and in which the flux and current variables are 
expressed in an orthogonal framework is similar to what is done for control of the 
cage rotor induction motor. The main difference is in the control of the rotor field 
current. In the case of the synchronous motor at steady-state the flux is set by the 
current in the rotor windings. During transient conditions which could be caused by 
perturbations to the system or changes in the references, the slower response of the 
rotor field current causes the response of the controller to be slower. Referring to 
Figure 6.21, at steady-state the magnetizing current /„, is related to the rotor field 
current If by the angle S as 



/„, =I f cos(5), 



(6.19) 



and the reference to the field current controller It is related to /* as 



cos (8) 



(6.20) 
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Fig. 6.21 Schematic of field control subsystem (supplements Fig. 6.20) 

At steady-state the synchronous machine is operated at unity power factor so that 
the angle between the stator voltage and the stator current is zero. The torque 
component of stator current is represented as I T and the flux component I M of stator 
current which is orthogonal to I T is zero. Under this condition, the flux is established 
by the rotor field current If so that in Figure 6.20 the reference I* n is balanced by /,„ 
which is supplied solely by the rotor field current If as in (6.19). This makes the 
reference I* u zero and by closed-loop control action makes Im zero. 

Under transient conditions, as for example with the machine operating in the 
constant torque region (constant flux reference) a sudden load torque disturbance 
occurs which causes an increase in the angle 8. As shown in Figure 6.21, the 
increase in 8 causes an increase in the field current reference It with I* m remaining 
initially fixed. The field current If begins to increase slowly, with /„, initially 
decreasing and then beginning to increase slowly. I* M is no longer zero and adds a 
flux component to the stator current which in turn changes the flux to attempt to 
compensate for the changing field current. After the transient is over, the flux is at 
its initial value, but during the transient the slow change in If is compensated for by 
a faster change in the flux component /„, of the stator current, with the machine 
returning to a unity power factor condition and I* M again at zero. Operation in the 
field weakening region is similar. Thus the beneficial effect of the field oriented 
control in improving the response can be recognized and confirms the usefulness of 
this technique in control of synchronous motors for tandem cold rolling. 



6.5 Motor and Drive Selection 



The selection of a suitable motor and drive for the tandem cold rolling process is a 
task that is essentially application specific. Both the cage rotor machine and the 
synchronous motor have some advantages and disadvantages which should be 
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carefully considered. For example, in general the synchronous motor is more 
efficient than the cage rotor machine, and if supplied with a cylindrical rotor has 
a lower moment of inertia which may be advantageous for control. On the other 
hand the synchronous machine generally has a higher initial cost compared to the 
induction motor, and also could result in a higher installation expense. 

The cycloconverter drive is less preferred over the voltage converter drive for 
the reasons previous noted. In both the cycloconverter and the voltage converter the 
preferred method of control is a field oriented (vector) control technique. 

Many of the details of issues that are related specifically to motors and drives 
often can best be determined based on consultation with the motor and drive 
manufacturers. In addition, other associated issues such as maintenance costs and 
the availability of supporting services from equipment manufacturers should not be 
overlooked. Except in certain special cases, the motor and its associated drive 
should be evaluated as a single entity and obtained from the same manufacturer 
to assure compatibility of systems and hardware, and to avoid the likelihood of 
having to resolve issues related to interfacing that could arise if the motor and drive 
were obtained from different manufacturers. 
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